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✓ Heavy-Light mesons: 

Chiral symmetry and HQS
Coupling to decay channels

✓  Quarkonium states below threshold:

equal masses:

unequal masses:
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Quarkonium Systems  

FIGURE 8. Transitions among low-lying charmonium states. From Ref. [65].

In the CLEO data, both inclusive and exclusive analyses see a signal near 〈M(3PJ)〉.
The exclusive analysis reconstructs !c in 7 decay modes, while no !c reconstruction is
performed in the inclusive analysis. The exclusive signal is shown on the left in Fig.

9. A total of 19 candidates were identified, with a signal of 17.5± 4.5 events above
background. The mass and product branching ratio for the two transitions are M(hc) =
(3523.6± 0.9± 0.5)MeV; B1(" ′ → #0hc)B2(hc → $!c) = (5.3± 1.5± 1.0)× 10−4.
The result of one of two inclusive analyses is shown on the right in Fig. 9. These

yieldM(hc) = (3524.9±0.7±0.4)MeV,B1B2 = (3.5±1.0±0.7)×10−4. Combining
exclusive and inclusive results yields M(hc) = (3524.4± 0.6± 0.4) MeV, B1B2 =
(4.0±0.8±0.7)×10−4. The hc mass is (1.0±0.6±0.4)MeV below 〈M(3PJ)〉, barely
consistent with the (nonrelativistic) bound [69] M(hc) ≥ 〈M(3PJ)〉 and indicating little
P-wave hyperfine splitting in charmonium. The value of B1B2 agrees with theoretical

estimates of (10−3 ·0.4).

Potential models:

Lattice QCD:

masses
spin splittings
EM transitions
hadronic transitions
direct decays

masses
spin splittings 
EM transitions

variety of 
approaches
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Multi-level algorithm allows lattice determination of potentials with unprecedented
precision

Quenched
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Similarly good results are obtained for V (0)(r), V (1)(r), V (4)(r)

Koma et al.

Y. Koma, M. Koma and H. Wittig [hep-lat/0607009]
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Heavy quark potential To O(1/m2)
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Fine and hyper-fine splitting

"

pNRQCD ←− Effective theory for the study of heavy quarkonium systems

Brambilla et al.
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The Lorentz invariant matrix elements for the transition
χc0 → J/ψγ∗(Q2) are also given in the appendix:

M(rγ = ±; rψ = ∓) = E1(Q
2)

M(rγ = 0; rψ = 0) = −C1(Q
2).

Hence the analogue of (13) gives for the width at Q2 = 0,

Γ(χc0 → J/ψγ) = α
|!q|

m2
χc0

16

9

∣

∣Ê1(0)
∣
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2
,

where the lattice form-factor is again related to the phys-
ical one by E1(Q2) = 2 × 2

3e × Ê1(Q2).
The most recent measurement of this decay’s branch-

ing fraction comes from the CLEO collaboration[4], who
find, using the PDG total width to normalise: Γ(χc0 →
J/ψγ) = 204(31)keV. In addition to this we have the
PDG[3] average/fit to data obtained up to 2005 which
gives Γ(χc0 → J/ψγ) = 115(14)keV. The next PDG re-
port will likely contain the CLEO value in a new average
which will thus lie between these two values.

In figure 13 we display the Ê1(Q2) extracted from our
lattice simulations. Temporal vector current insertions
produce compatible results but with much larger error
bars and are not shown.

Our simulation data lies at Q2 '= 0, but since we are
primarily interested in the photopoint we require some
fit function to allow us to extrapolate back. In the light
of the success of forms motivated by the non-relativistic
quark model in previous sections we consider using a
function which resembles one that would be derived in
such a model. We opt to use a form

Ê1(Q
2) = Ê1(0)

(

1 +
Q2

ρ2

)

exp

[

−
Q2

16β2

]

, (15)

which has the gaussian behaviour used previously modi-
fied by a polynomial in Q2. In the simple quark model,
the Q2/ρ2 term could arise from relativistic corrections or
departures from gaussian wavefunction behaviour. Note
that this form is analytic for Q2 > 0 as we would expect
- singularities (as in the VMD case) will occur at Q2 < 0.

We do not include in the fit the points at Q2 < 0
- these data, corresponding to the case !pf = !pi where
Q2 = −(Ef −Ei)2, were extracted from correlators with
no plateau behaviour using the fitting method described
in section IV. It is therefore a rather non-trivial cross-
check that our fit function, constrained by points at Q2 !
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FIG. 13: χc0 → J/ψγ E1 transition form-factor. (a) full range
of lattice data (b) zoom to the Q2 ≈ 0 region

1GeV2, extrapolated to the Q2 < 0 region, overlays these
points.

The fit returns the following parameters:

atÊ1(0) = −0.137(12)

β = 542(35)MeV; ρ = 1.08(13)GeV

The longitudinal photon transition form-factor,
C1(Q2) can also be extracted from lattice three-point

Recent LQCD results

Dudek, Edwards, Richards 
hep-lat/0601137

18

for[51, 52]8). Within (p)NRQCD one might also have
differing color octet contributions[41].

E1 χc0 → J/ψγ χc1 → J/ψγ hc → ηcγ

β/MeV 542(35) 555(113) 689(133)

ρ/MeV 1080(130) 1650(590) ∞

Γ lat.mass
phys.mass/keV 288(60)

232(41)
600(178)
487(122)

663(132)
601(55)

Γ PDG
CLEO/keV 115(14)

204(31)
303(44)
364(31) -

M1 J/ψ → ηcγ M2 χc1 → J/ψγ

β/MeV 540(10) β/MeV 617(142)

Γ lat.mass
phys.mass/keV 1.61(7)

2.57(11)
M2
E1 −0.199(121)

ΓPDG
φφ /keV 1.14(33)

2.9(1.5) expt. −0.002( +8
−17)

C1 χc0 → J/ψγ χc1 → J/ψγ hc → ηcγ

β/MeV 501(33) 502(38) 545(49)

|c̃|/GeV 11(1) 17.6(1.6) 17.5(1.1)

TABLE II: Radiative transitions

We can also compare the pattern of ρ values for the
E1 transitions with the expectations of a simple quark
model. Performing a non-relativistic reduction of the
vector current, the ρ term arises from the spin-dependent
correction (∝ "σ × "q) to the dominant convection current
∝ "p; using effective harmonic oscillator wavefunctions
one finds[53]

EQM
1 (Q2) = a

(

1 + r
|"q|2

4β2
ψ

)

exp−
|"q|2

16β̄2
, (17)

where r is related to spin-orbit Clebsch-Gordan coeffi-
cients,

r =
2 χc0

1 χc1

0 hc

.

Working in the χc rest frame at small Q2 we would have

|"q|2 ≈ |"q|20 +Q2(1+∆) where |"q|0 =
m2

χ−m2
ψ

2mχ
is the three-

momentum transfer at Q2 = 0 and ∆ = 1
2

(

m2
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m2
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)

.

Thus we can express the quark model form as

EQM
1 (Q2) = EQM

1 (0)

(

1 + r
Q2

4β2
ψ

1 + ∆

1 + δ

)

exp−
Q2(1 + ∆)

16β̄2
,

(18)

with δ = r |"q|20
4β2

ψ
and EQM

1 (0) = a(1+δ) exp− |"q|20
16β̄2 . Hence,

to a first approximation we’d expect that ρ ∼ 1√
r

so

that ρ(χc1) ≈
√

2ρ(χc0) and ρ(hc) → ∞. In the same
approximation we have ρ(χc0) ≈ 2βψ. Within the large

8 But note that such effects are not present within our quenched
calculation

errors on the lattice results, these relations appear to be
satisfied.

Within the quark model, the M2 transition is sup-
pressed relative to E1 by one power of v/c. It is also
rather sensitive to any charm quark anomalous magnetic
moment. Some details are worked out in [54], where they
find a value (setting κc = 0) M2(0)/E1(0) ∼ −0.06. Our
data is unfortunately not sufficiently accurate to discrim-
inate on this level - we outlined earlier in the text some
possible improvements to the calculation to remedy this.

In this first attempt at charmonium radiative transi-
tions using lattice QCD we have demonstrated that it
is possible to get reasonable agreement with experiment
and have gone some way to justifying certain results of
the more widely applied quark model. Future lattice
work in this direction will have to address the problem of
reliable excited state extraction in order to consider such
well-measured transitions as ψ′ → χcJγ.

There is, naturally, a desire to see calculations done
without the quenched approximation, but, as discussed
in section II, we do not expect unquenching to affect
radiative transitions particularly strongly, except in the
sense that it will improve the lattice state masses and
help remove the phase-space ambiguity we encountered
in section VI. However, an unquenched computation is
warranted to test models which propose a considerable
effect from coupled channels[51].

Our ultimate aim is to study photocouplings of light-
quark hybrid mesons, with this in mind the next step
will be to consider radiative transitions involving char-
monium hybrids - the non-local interpolating fields re-
quired for this study will also allow us to access higher
spin conventional charmonia such as the χc2.
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APPENDIX A: MULTIPOLE DECOMPOSITION

It is convenient to express radiative transition ampli-
tudes in terms of multipoles. In this appendix we derive
Lorentz covariant decompositions of vector current ma-
trix elements into multipoles. These decompositions do
not appear to have been explicitly presented previously
in the literature.

Our method involves writing down the most general
Lorentz covariant, current conserving and parity invari-
ant decomposition of the matrix element of the current

Promising but still work to do:
quenched
ground states
extrapolations
  Q2 -> 0
  a-> 0

χc0 → J/ψγ

[PR D73:074507 (2006)]
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Above Threshold
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1

TABLE I: Thresholds for decay into open charm and nearby
hidden-charm thresholds.

Channel Threshold Energy (MeV)

D0D̄0 3729.4
D+D− 3738.8

D0D̄∗0 or D∗0D̄0 3871.5
ρ0J/ψ 3872.7

D±D∗∓ 3879.5
ω0J/ψ 3879.6
D+

s
D−

s
3936.2

D∗0D̄∗0 4013.6
D∗+D∗− 4020.2

η′J/ψ 4054.7
f0J/ψ ≈ 4077

D+
s

D̄∗−
s

or D∗+
s

D̄−
s

4080.0
a0J/ψ 4081.6
ϕ0J/ψ 4116.4

D∗+
s

D∗−
s

4223.8

TABLE II: Thresholds for decay into open beauty and nearby
hidden-beauty thresholds.

Channel Threshold Energy (MeV)

ρ0Υ 10 236.1
ω0Υ 10 242.9
η′Υ 10 418.17
a0Υ 10 445.0
ϕ0Υ 10 479.8

B+B− 10 558.0
B0B̄0 10 558.8

B±B∗∓ 10 604.0
B0B̄∗0 or B∗0B̄0 10 604.4

B∗B̄∗ 10 650.
BsB̄s 10 739.2
f0Υ 10 735.7

BsB̄
∗
s

10 786.2
B∗

s
B̄∗

s
10 833.2

Nearby Thresholds
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Hard to extract states in the threshold region in LQCD

Excited states:

Strong decay channels -- resonances:

To extract N states in same channel - use an NxN two point 
correlation function obtained from N independent operators 

At finite volume (V) only discrete momentum values - 
Multimeson states have a discrete spectrum - 
Use V dependence to disentangle resonances from multibody states.

May 18, 2006 16:3 Proceedings Trim Size: 9in x 6in Nstar2005˙writeup

2

year 2000. As part of a national collaboration of lattice QCD theorists, the
LHPC acquired funding from several sources, including the DOE’s Scientific
Discovery through Advanced Computing initiative, to build large comput-
ing clusters at JLab, Fermilab, and Brookhaven, as well as to develop the
software to carry out the needed large-scale computations. The LHPC has
several broad goals: to compute the spectrum of QCD from first principles,
to investigate hadron structure by computing form factors, structure func-
tions, and other matrix elements, and to study hadron-hadron interactions.
This talk focuses solely on our efforts to determine the spectrum of QCD.

Extracting the spectrum of resonances in QCD is a big challenge. The
determination of excited-state energies requires the use of correlation ma-
trices of sets of operators. The masses and widths of unstable hadrons
(resonances) must be deduced from the energies of single-particle and multi-
hadron stationary states in a finite-sized box. This necessitates the use of
multi-hadron operators in the correlation matrices, and the computations
must be performed in full QCD at realistically-light quark masses. For
these reasons, the computation of the QCD spectrum is indeed a long-term
project. This talk is a brief status report of our efforts.

I first describe in Sec. 2 how excited-state energies are extracted in our
Monte Carlo calculations, and discuss issues related to unstable resonances.
Our construction of baryon operators is then outlined in Sec. 3 (see Ref. 1
for further details), and in Sec. 4, the importance of using smeared quark
and gluon fields is demonstrated. (see also Ref. 2). The first-time extraction
of nine nucleon energy levels is also presented in this section. Concluding
remarks are made and future work is outlined in the concluding Sec. 5.

2. Excited states and resonances

In the path integral formulation of quantum field theory with imaginary
time, stationary-state energies are extracted from the asymptotic decay
rates of temporal correlations of the field operators. If Φ(t) is a Heisenberg-
picture operator which annihilates the hadron of interest at time t, then its
evolution Φ(t) = eHtΦ(0)e−Ht, where H is the Hamiltonian, can be used
to show that in a finite-sized box,

C(t) ≡ 〈0|Φ(t)Φ†(0)|0〉 =
∑

n

〈0|eHtΦ(0)e−Ht|n〉〈n|Φ†(0)|0〉, (1)

=
∑

n

|〈0|Φ(0)|n〉|2e−(En−E0)t =
∑

n

Ane−(En−E0)t, (2)

May 18, 2006 16:3 Proceedings Trim Size: 9in x 6in Nstar2005˙writeup
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where {|n〉} is the complete set of discrete eigenvectors of H . We assume
the existence of a transfer matrix, and temporal boundary conditions have
been ignored for illustrative purposes. One can then extract A1 and E1−E0

as t → ∞, assuming 〈0|Φ(0)|0〉 = 0 and 〈0|Φ(0)|1〉 &= 0.
A convenient visual tool for demonstrating energy-level extraction is the

so-called “effective mass” defined by meff(t) = ln[C(t)/C(t+at)], where t is
time and at is the temporal lattice spacing. The effective mass tends to the
actual mass (or energy) of the ground state as t becomes large, signalled
by a plateau in the effective mass. At smaller times before this plateau is
observed, the effective mass varies due to contributions from other states
in the spectrum. The correlation C(t) is estimated with some statistical
uncertainty since the Monte Carlo method is used, and usually, the ratio
of the noise to the signal increases with temporal separation t. Hence,
judiciously-chosen operators having reduced couplings with contaminating
higher-lying states are important in order to observe a plateau in the effec-
tive mass before noise swamps the signal. Key ingredients in constructing
such operators are the use of smeared quark and gluon fields, the incorpo-
ration of spatially-extended assemblages of the fields, and the use of sets of
different operators to exploit improvements from variational methods.

Methods of extracting excited-state energies are well known3,4. For a
given N × N Hermitian matrix of correlations Cαβ(t) = 〈0|Φα(t)Φ†

β(0)|0〉,
the N principal correlators λα(t, t0) are defined as the eigenvalues of the
matrix C(t0)−1/2C(t)C(t0)−1/2, where t0 is some reference time (typically
small), and one can show that

lim
t→∞

λα(t, t0) = e−(t−t0)Eα(1+O(e−t∆Eα)), ∆Eα = min
β $=α

|Eβ−Eα|, (3)

assuming E0 = 0 and λ1 ≥ λ2 ≥ λ3 · · · . The N principal effective masses
meff

α (t) = ln[λα(t, t0)/λα(t+at, t0)] now tend (plateau) to the N lowest-lying
stationary-state energies which couple to the N operators. The associated
eigenvectors are orthogonal, and a knowledge of the eigenvectors can yield
information about the partonic structure of the states.

Many of the hadron states we wish to study are unstable resonances.
Our computations are done out of necessity in a box of finite volume with
periodic boundary conditions. Hence, the momenta of the particles we
study are quantized, so all states are discrete in our computations. Thus,
we can only determine the discrete energy spectrum of stationary states in
a periodic box, which are admixtures of single hadrons and multi-hadron
states. Resonance masses and widths must somehow be deduced from the
finite-box spectrum5,6,7,8. Once the masses of the stable single particle

May 18, 2006 16:3 Proceedings Trim Size: 9in x 6in Nstar2005˙writeup
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QCD Dynamics Near Threshold

• QCD dynamics is much richer than present 
phenomological models  - Lattice QCD 

• Gluon/String dynamics

• Light quark loops and strong decays
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Heavy Quark Limit - Static Energy
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FIGURE 7. Ground !+
g and first-excited "u static quark potentials without sea quarks (squares,

quenched) and with two flavors of sea quarks, slightly lighter than the strange quark (circles, #= 0.1575).
Results are given in terms of the scale r0 ≈ 0.5 fm, and the lattice spacing is a ≈ 0.08 fm. Note that mS

and mPS are the masses of a scalar and pseudoscalar meson, respectively, consisting of a light quark and a

static antiquark. These results are from Ref. [15].
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FIGURE 8. Evidence for “string breaking” at quark-antiquark separations R≈ 1 fm. ESS is the energy
of two S-wave static-light mesons (the light quark bound in an S-wave to the fixed static antiquark), ESP is

the energy of an S-wave and a P-wave static-light meson, and EF is the energy of a static quark-antiquark

pair connected by a gluonic flux tube. The distance of separation R refers to the distance between the

static quark-antiquark pair. All quantities are measured in terms of the lattice spacing a ≈ 0.16 fm. Two
flavors of light sea quarks are present with masses such that m$/m% ≈ 0.36. The dashed and solid lines
give the asymptotic values 2amS and a(mP+mS), where mS and mP are the masses of individual S-wave

and P-wave static-light mesons, respectively. Mixing between the flux tube and meson-meson channels

was found to be very weak. Results are from Ref. [26].
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FIGURE 2. One possible interpretation of the spectrum in Fig. 1. (a) For small quark-antiquark sepa-

rations, the strong chromoelectric field of the QQ̄ pair repels the physical vacuum (dual Meissner effect)

creating a bubble. The low-lying stationary states are explained by the gluonic modes inside the bubble,

since the bubble surface excitations are likely to be higher lying. (b) For large quark-antiquark separations,

the bubble stretches into a thin tube of flux, and the low-lying states are explained by the collective motion

of the tube since the internal gluonic excitations are much higher lying.

antiquark pair in SU(2) gauge theory also hint at flux tube formation[6].
The spectrum shown in Fig. 1 provides unequivocal evidence that the gluon field can

be well approximated by an effective string theory for large separations r. However,

string formation does not appear to set in until the quark and the antiquark are sepa-

rated by about 2 fm. For small separations, the level orderings and degeneracies are not

consistent with the expectations from an effective string description. More importantly,

the gaps differ appreciably from N"/r with N = 1,2,3, . . .. Such deviations cannot be
considered mere corrections, making the applicability of an effective string description
problematical. Between 0.5 to 2 fm, a dramatic level rearrangement occurs. For separa-

tions above 2 fm, the levels agree without exception with the ordering and degeneracies

expected from an effective string theory. The gaps agree well with N"/r, but a fine struc-
ture remains. The N"/r gaps are a robust prediction of any effective string theory since
they are a feature of the Goldstone modes associated with the spontaneous breaking of

transverse translational symmetry. However, the details of the underlying string theory

are encoded in the fine structure. This first glimpse of such a fine structure offers the

exciting possibility of ultimately understanding the nature of the QCD string in future

higher precision simulations.

Fig. 2 illustrates one possible interpretation of the results shown in Fig. 1. At small

quark-antiquark separations, the strong chromoelectric field of the QQ̄ pair repels the
physical vacuum in a dual Meissner effect, creating a bubble surrounding the QQ̄. The

low-lying stationary states are explained by the gluonic modes inside the bubble, since

the bubble surface excitations are likely to be higher lying. For large quark-antiquark

separations, the bubble stretches into a thin tube of flux, and the low-lying states are

explained by the collective motion of the tube since the internal gluonic excitations,

being typically of order 1 GeV, are now much higher lying.
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Short distance:   Perturbative QCD 
singlet:  -4/3 αs /r
octet : 2/3 αs /r      gluelumps

Large distance:   String 
σ r     String behavour
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Hybrids are not narrow 
even in heavy quark limit
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TABLE I: Operators to create excited gluon states for small
qq̄ separation R are listed. E and B denote the electric and
magnetic operators, respectively. The covariant derivative D

is defined in the adjoint representation [10].

gluon state J operator
Σ+ ′

g 1 R · E, R · (D ×B)
Πg 1 R × E, R × (D× B)
Σ−

u 1 R · B, R · (D× E)
Πu 1 R × B, R × (D× E)
Σ−

g 2 (R · D)(R · B)
Π′

g 2 R × ((R · D)B + D(R · B))
∆g 2 (R × D)i(R × B)j + (R × D)j(R × B)i

Σ+
u 2 (R · D)(R · E)

Π′

u 2 R × ((R · D)E + D(R · E))
∆u 2 (R × D)i(R × E)j + (R × D)j(R × E)i

predicted short–distance degeneracies. Only the states
∆u and Σ+′

g show considerable soft breaking of the ap-
proximate symmetry at the shortest R values.
Crossover region. For 0.5 fm < R < 2 fm, a dramatic
crossover of the energy levels toward a string-like spec-
trum as R increases is observed. For example, the states
Σ−

u with N = 3 and Σ−

g with N = 4 break violently away
from their respective short-distance O(3) degeneracies to
approach the ordering expected from bosonic string the-
ory near R ∼ 2 fm.

An interesting feature of the crossover region is the suc-
cessful parametrization of the Σ+

g ground state energy by
the empirical function E0(R) = a + σR− c π

12R
, with the

fitted constant c close to unity, once R exceeds 0.5 fm.
The Casimir energy of a thin flux line was calculated in
Refs. [11, 12], yielding c = 1, and this approximate agree-
ment is often interpreted as evidence for string formation.
While the spectrum, including the qualitative ordering
of the energy levels, differs from the naive bosonic string
gaps for R < 1 fm, a high precision calculation shows
the rapid approach of ceff(R) to the asymptotic Casimir
value in the same R range [13]. Although there is no in-
consistency between the two different findings, a deeper
understanding of this puzzling situation is warranted.

We will return to this issue in a high precision study of
the 3-dimensional Z(2) gauge model in a future publica-
tion [14]. This accurate study of ceff(R) and the excita-
tion spectrum of the Z(2) flux line for a wide range of R
values between 0.3 fm and 10 fm will clearly demonstrate
the early onset of c ≈ 1 without a well-developed string
spectrum. For now, Fig. 3 shows the lowest excitations in
Z(2) for R = 0.7 fm, revealing a bag-like disorder profile
surrounding the static qq̄ pair in the vacuum [14]. The
two lowest energy levels are substantially dislocated from
exact π/R string gaps and all other excitations form a
continuous spectrum above the glueball threshold. Since
the submission of this work, a new study of Z(2) at fi-
nite temperature has appeared [15], reporting very early
onset of string behavior in support of Ref. [13].
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FIG. 2: Short-distance degeneracies and crossover in the
spectrum. The solid curves are only shown for visualization.
The dashed line marks a lower bound for the onset of mixing
effects with glueball states which requires careful interpreta-
tion.

String limit. For R > 2 fm, the energy levels exhibit,
without exception, the ordering and approximate degen-
eracies of string-like excitations. The levels nearly re-
produce the asymptotic π/R gaps, but an intriguing fine
structure remains.

It has been anticipated that the interactions of mass-
less excitations on long flux lines are described by a lo-
cal derivative expansion of a massless vector field ξ with
two transverse components in four–dimensional space-
time [11, 12]. Symmetries of the effective QCD string
Lagrangian require a derivative expansion of the form

Leff = a∂µξ·∂µξ+b(∂µξ·∂µξ)2+c(∂µξ·∂νξ)(∂µξ·∂νξ)+...,
(1)

where the dots represent further terms with four or more
derivatives in world sheet coordinates. The coefficient a
has the dimension of a mass squared and can be identified
with the string tension σ. The other coefficients must be
determined from the underlying microscopic theory. Ex-
amples with calculable coefficients include the D=3 Z(2)
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Operators for excited 
gluon states
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Table 3
Comparison between LBO and NRQCD split-

tings in GeV. The first error in LBO is due to
a 5% change in mb and the second error is an
estimate of the uncertainty due to δ < J2

g >.

LBO NRQCD % diff
1P − 1S 0.392(1) 0.432(4) 9(1)
2S − 1S 0.553(5) 0.586(5) 6(1)
3S − 1S 0.957(9) 0.950(8) 1(1)

H1 − 1S 1.421(8)(37) 1.479(24) 4(3)
H2 − 1S 1.421(8)(37) 1.517(58) 6(5)
H3 − 1S 1.711(5)(63) 1.808(25) 5(4)
H′

1 − 1S 1.697(2)(36) 1.892(30) 10(2)

in Fig. 1. The scale r0 is taken from the NRQCD
simulation. The heavy quark mass Mb is tuned to
reproduce the experimentally-known Υ(1S) mass:
MΥ = 2Mb + E0, where E0 is the energy of the
lowest-lying state in the Σ+

g potential. Level split-
tings are insensitive to small changes in the heavy
quark mass. For example, a 5% change in Mb re-
sults in changes to the splittings (with respect to
the 1S state) ranging from 0.1 − 0.8%.

The applicability of the leading Born Oppen-
heimer approximation relies on the smallness of
the retardation effects. We can determine the size
of this effect by comparing the two approaches
taken here since the NRQCD Hamiltonian only
differs from the LBO Hamiltonian by the inclu-
sion of the "p · "A coupling between the color charge
in motion and the gluon field. The difference in
splittings are tabulated in Table 3 and shown in
Fig. 1. In the comparison, the scale ambiguity
has been removed and the lattice artifacts were
found to be small (< 4%). Furthermore, the
splittings are insensitive to small changes in the
b-quark mass. We thus conclude that the small
differences (< 10%) from the two approaches is
in fact due to retardation, hence validating the
Born-Oppenheimer expansion.

4. Conclusion

The masses of 4 hybrid states were determined
in leading order NRQCD in the quenched approx-
imation. The magnitude of the retardation ef-

Figure 2. Wavefunctions and potentials for the
various hybrid/meson states.

fects were found to be small validating the Born-
Oppenheimer expansion.

The level splittings in the LBO approximation
were found to be rather insensitive to the b quark
mass. The LBO wavefunctions revealed the spa-
tial largeness of the hybrid meson states and also
indicated that the finite volume effects in our sim-
ulations should be negligible. Note that our LBO
spectrum of hybrid mesons based on adiabatic
surfaces calculated in the quenched approxima-
tion will very likely differ from the true spectrum
due to our neglect of sea quark effects. The in-
clusion of such effects remains an important chal-
lenge for the future.
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Solve the Schoedinger 
Equation for each potential 

The leading Born-Oppenheimer approximation

In the leading Born-Oppenheimer approximation, one replaces the covariant Lapla-

cian DDD2 by an ordinary Laplacian !!!
2
, which neglects retardation effects. The spin in-

teractions of the heavy quarks are also neglected, and one solves the radial Schrödinger

equation:

−
1

2µ

d2u(r)

dr2
+

{

〈LLL2
QQ̄

〉

2µr2
+VQQ̄(r)

}

u(r) = E u(r), (2)

where u(r) is the radial wavefunction of the quark-antiquark pair. The total angular
momentum is given by

JJJ = LLL+SSS, SSS= sssQ+ sssQ̄, LLL= LLLQQ̄+ JJJg, (3)

where sssQ is the spin of the heavy quark, sssQ̄ is the spin of the heavy antiquark, JJJg is the

total spin of the gluon field, and LLLQQ̄ is the orbital angular momentum of the quark-

antiquark pair. In the LBO, both L and S are good quantum numbers. The expectation

value in the centrifugal term is given by
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Fig. 3.2: Lattice QCD results divided by experiment for a range of ‘gold-plated’ quantities which cover the full range of

hadronic physics [29]. The unquenched calculations on the right show agreement with experiment across the board, whereas

the quenched approximation on the left yields systematic errors of O(10%).

−
clat
S

8m2
iσ · (D × gE + gE × D) −

clat
F

2m
σ · gB

]
ψ + · · · , (3.1)

similar to the standard (continuum) NRQCD Lagrangian, but note that the derivative operators are ‘im-

proved’ on the lattice to remove leading errors arising from the lattice spacing. See also the Introduction

3.23 Heavy Quark Actions in Chapter 1. We have omitted the term ψ†mψ.

Compared to the NRQCD description of continuum QCD, an unimportant difference is the Eu-

clidean metric (D4 instead of −iD0). Also, unlike in dimensional regularization, in lattice regularization

the mass shift δm will in general be non-zero. However, this cancels from mass differences and decay

amplitudes. Moreover, it can be determined nonperturbatively from the Υ dispersion relation. Obvi-

ously, terms accompanied by wi are lattice specific. The essential difference is that the matching scale is

provided by the lattice spacing: the short-distance coefficients clat
i , w

lat
i and δm depend on am and on

the details of the chosen discretisation. The matching of clat
i and wlat

i is carried out to some accuracy in

αs. From Eq. (3.1) one sees that the most important matching condition is to identify the kinetic massm
with the heavy quark mass in the lattice scheme, and then tune the higher-dimension interactions.

One area of lattice QCD which has remained problematic is the handling of light quarks on the

lattice. This is now being addressed successfully and is critical to obtaining precision results of use

to experiment. In particular the problem is how to include the dynamical (sea) u/d/s quark pairs that
appear as a result of energy fluctuations in the vacuum. We can often safely ignore c/b/t quarks in
the vacuum because they are so heavy, but we know that light quark pairs have significant effects, for

example in screening the running of the gauge coupling and in generating Zweig-allowed decay modes

for unstable mesons.

Many calculations in the past have used the “quenched approximation,” attempting to compensate

sea quark effects by ad hoc shifts in the bare coupling and (valence) quark masses. The results then suffer

from errors as large as 10–30%. The error of the quenched approximation is not really quantifiable and

this is reflected by a lack of internal consistency when different kinds of hadrons are used to fix the bare

parameters. This ambiguity plagues the lattice QCD literature.

The MILC Collaboration recently have produced ensembles of gluon field configurations which

include 2 degenerate light sea quarks (u, d) and a heavier one (s) [30]. They rely on fast supercomputers

95

Lattice QCD - light quark loops

C. T. H. Davies et al. [HPQCD, Fermilab Lattice, MILC, and UKQCD Collaborations], Phys. Rev. Lett. 92, 
022001 (2004) [arXiv:hep-lat/0304004]. 
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Figure 13. Radial and orbital splittings in the Υ spectrum from lattice QCD in the

quenched approximation and including a realistic light quark vacuum polarisation. In

these plots the b quark mass was fixed from the Υ mass and the lattice spacing from

the splitting between the Υ′ and the Υ. Neither of these masses is predicted. (Top) The
spectrum of S, P andD levels in theΥ system obtained from coarse (filled red triangles)

and fine (open black triangles) quenched lattice calculations and from coarse (filled red

squares) and fine (open black squares) unquenched calculations. Experimental results

are shown as lines. (Bottom) Results for different splittings as a function of light u/d
quark mass. The leftmost points, at lightest u/d quark mass, are the ones included in the
top plot for the unquenched results. (Gray et al. 2003)

momentum transfer inside an Υ is larger than any of the u, d, or s masses and so we

expect these splittings simply to ‘count’ the presence of the light quarks. This lack of

variation with light quark mass is evident in Figure 13.
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Including Light Quark Effects

1. Coupling to Open-Charm Channels

1.1 Theoretical Models

Near the threshold for open heavy flavor pair production, there are significant non-perturbative contri-

butions from light quark pairs to the masses, wavefunctions and decay properties of physical states.

QCD sum rules [1,2] have been used to obtain some results [3–5] and lattice QCD calculations extended

into the flavor-threshold region should eventually give a firm basis for predictions. However, at present a

more phenomenological approach is required to provide a detailed description of these effects.

The effects of light quark pairs near open heavy flavor threshold can be described by coupling the

potential model states to nearby physical multibody states. In this threshold picture, the strong inter-

actions are broken into sectors defined by the number of valence quarks. This separation is reminiscent

of the Tamm-Dancoff approximation [6]. The dynamics of the states (with no valence light quarks,

) is described by the interaction . Nonrelativistic potential models are normally used to determine

the properties of the resulting bound states in this sector. In this framework excitations of the gluonic

degrees of freedom would also be contained the spectrum of .

The two meson sector are described by the Hamiltonian . In the simplest picture,

is assumed to be be described the low-lying spectrum of two free heavy-light mesons. The physical

situation is more complex. At large separation between two mesons the interactions are dominated t-

channel pion exchanges. For states very near threshold such as the X(3872) charmonium state such pion

exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.

molecular states [8, 9].

Our command of quantum chromodynamics is inadequate to derive a realistic description of the

interactions, , that communicate between the and sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the

vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [10–12]. generalizes the Cornell

model without introducing new parameters, writing the interaction Hamiltonian as

(1)

where is the quarkonium potential and is the color current density, with

the quark field operator and the octet of SU(3) matrices. To generate the relevant interactions, is

expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but transitions

from two mesons to three mesons and all transitions that violate the Zweig rule are omitted. It is a good

approximation to neglect all effects of the Coulomb piece of the potential in Eq. 1. It was shown that this

simple model coupling charmonium to charmed-meson decay channels gives a qualitative understanding

of the structures observed above threshold while maintaining the successes of the single-channel

analysis below threshold [11, 12].

The main theoretical weakness of the CCC model is the use of the time component of a long-

range vector interaction between the heavy quarks color densities rather than the Lorentz scalar confining

interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum

with vacuum quantum numbers . The model is also referred to as the P model. The form

of the interaction Hamiltonian is

(2)

The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].
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Table 1: Charmonium spectrum, including the influence of open-charm channels. All masses are in MeV. The penultimate

column holds an estimate of the spin splitting due to tensor and spin-orbit forces in a single-channel potential model. The last

column gives the spin splitting induced by communication with open-charm states, for an initially unsplit multiplet. From [26].
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Splitting
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P
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D

(3 815)
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P

P

P

3 968

The main theoretical weakness of the QPC model is its failure to reproduce the vanishing of the

pair production amplitudes for a static source at zero spatial separation. The flux tube breaking

model [20, 21] somewhat addresses this weakness. It has the same basic interaction as the QPC model
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region is defined by a upper bound on the shortest distance bewteen the pair creation point and the string.

Detailed applications of QPC models to the quarkonium systems are presently under investigation [22].

There have been attempts to compare the various models for quark pair creation [23, 24]. At

present the most studied system is the open charm threshold region and we will focus on that system

below. However, the same threshold effects are present in the states near threshold and states

near threshold. A detailed comparison of the scaling behaviour between different heavy quark

systems would provide valuable insight into the correct form for the coupling to light-quark pairs.

1.2 Mass Shifts

The mass of the quarkonium state in the presence of coupling to decay channels is given by:

(3)

Above threshold has both a real (mass) and imaginary part (width).

The basic coupled-channel interaction (Eq. 1 or Eq. 2) appearing in Eq. 3 is independent of the

heavy quarks spin, but the hyperfine splittings of and , and , induce spin-dependent forces

that affect the charmonium states. These spin-dependent forces give rise to S-D mixing that contributes

to the electronic width, for example, and are a source of additional spin splitting.
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threshold effects. These can be refined by using input from lattice simulations. Ul-
timately, one would wish to arrive at QCD predictions of strong decay rates. This
is very hard to achieve by a direct lattice computation but again, the predictive
power of models can benefit from dedicated lattice tests and comparisons. Last but
not least I hope that these exciting times will continue with further experimental
discoveries.
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We numerically investigate the transition of the static quark-antiquark string into a static-light
meson-antimeson system. Improving noise reduction techniques, we are able to resolve the signature
of string breaking dynamics for nf = 2 lattice QCD at zero temperature. This result can be related
to properties of quarkonium systems. We also study short-distance interactions between two static-
light mesons.

PACS numbers: 12.38.Gc, 12.38.Aw, 12.39.Pn, 12.39.Jh

I. INTRODUCTION

Sea quarks are an important ingredient of strong in-
teraction dynamics. In the framework of quantum chro-
modynamics, however, quantitative calculations of their
effects on hadron phenomenology have proven to be no-
toriously difficult, unless one resorts to approximations
based on additional model assumptions. Nevertheless,
the ab initio approach of lattice gauge theory towards
the sea quark problem has shown steady progress over
the past decade: recently the η′-problem has been tackled
successfully on the lattice [1–3] where sea quarks induce
the axial anomaly in the sense of the Witten-Veneziano
mechanism [4, 5].

Another example is the strong decay of hadrons
through light quark-antiquark pair creation, for instance
the transition from a colour string configuration between
two static colour sources, QQ, into a pair of static-light
mesons, BB. This colour string breaking, which we ad-
dress in this paper, is expected to occur as soon as the
colour source-sink separation, r, exceeds a certain thresh-
old value, rc > 1 fm.

In lattice simulations this behaviour has been investi-
gated in four dimensional QCD at zero temperature T
with sea quarks [6–12] as well as in QCD3 [14]. However,
these studies lacked compelling evidence of string break-
ing1. This failure is due to problems like: (i) String
breaking investigations only make sense in a full QCD
setting with large ensemble sizes. (ii) String breaking
occurs at distances beyond 1 fm, a regime with a poor
signal-to-noise ratio. (iii) The poor overlap of the QQ
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†Electronic address: hneff@buphy.bu.edu
‡Electronic address: th.duessel@fz-juelich.de
§Electronic address: th.lippert@fz-juelich.de
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de
1 The T > 0 situation appears to be more favourable [13].

creation operator with the large-distance BB ground
state.

This last problem necessitates to resolve the signal at
huge Euclidean times t, unless one bases the investigation
on a 2× 2 correlation matrix, whose additional elements
include the insertion of light quark propagators into the
standard Wilson loop [7, 10–12]. Such quark insertions
require propagators from any source to any sink position
(“all-to-all propagators”), in order to enable the exploita-
tion of translational invariance for error reduction (self
averaging).

For QCD with nf mass-degenerate sea quark flavours
this correlation matrix takes the form,

C(t) =

(

CQQ(t) CQB(t)
CBQ(t) CBB(t)

)

= e−2mQt













√
nf

√
nf −nf +













, (1)

where the straight lines denote gauge transporters and
the wiggly lines represent light quark propagators2. We
refer to the difference between the physical eigenstates
and the QQ and BB basis as “mixing”. Such mixing
should manifest itself “explicitly”, by non-vanishing off-
diagonal matrix elements, relative to the diagonal matrix
elements, and “implicitly”. The latter refers either to
the Wilson loop CQQ(t) decaying into the mass of the
(dominantly) BB state for r > rc or to a decay of CBB(t)
towards the QQ mass for r < rc, as t → ∞. Implicit
mixing is much harder to detect than explicit mixing.

In the quenched approximation baryon and anti-
baryon numbers are separately conserved and the QQ
and BB sectors are mutually orthogonal. By definition,

2 Details of this expression will be discussed in Sec. II below.
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FIG. 13: The two energy levels, as a function of r, normal-
ized with respect to 2mB (horizontal line). The curve cor-
responds to the three parameter fit to E1(r), Eqs. (80)–(82),
for 0.2 fm ≤ r ≤ 0.9 fm < rc.
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FIG. 14: The same as Figure 13, for the string breaking re-
gion.

The fit implies a Sommer parameter,

r2
0

dE1(r)

dr

∣

∣

∣

∣

r=r0

= 1.65, (83)

of

r0 = 6.009(53)a ≈ 0.5 fm, (84)

which we use to translate the lattice scale a into physical
units.

On the scale of Figure 13, the energy gap ∆Ec =
minr[E2(r) − E1(r)] is barely visible. Therefore, we en-
large the string breaking region in Figure 14. We define

the string breaking distance as the distance where the
energy gap is minimal: E2(rc) − E1(rc) = ∆Ec.
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FIG. 15: The mixing angle θ, as a function of r. The curve
corresponds to the parametrization Eqs. (85)–(88).

Not only the two energy levels play a role in the mixing
dynamics but also the mixing angle θ of Eqs. (77) and
(78). In Figure 15 we depict θ as a function of r. For r <
rc, the overlap Q1 will be larger than B1 and hence θ <
π/4. For r → ∞ the QQ content of the ground state will
vanish and θ → π/2. The Figure reveals that while this
large r limit is rapidly approached for r > rc, the ground
state at small r contains a significant BB admixture:
for instance, sin2[θ(8a)] ≈ 0.03. Furthermore, there is a
“bump” at small r in θ(r) as well as in E2(r), before θ is
forced to approach zero at r → 011, where CQB(t) = 0.
This bump is likely to be related to light meson exchange,
where in our study m−1

π ≈ 4a.
The curve corresponds to a phenomenological three pa-

rameter fit to the 0.9 fm ≈ 11a ≤ r ≤ 19a ≈ 1.6 fm data:

θ(r) =
c

2

{

arctan [d(r − rs)] −
π

2

}

+
π

2
, (85)

with parameter values,

rs = 14.95(12)a, (86)

d = 2.31(21)a−1, (87)

c = 0.914(6). (88)

The increase of θ with respect to r for r ≈ rs is given
by, dθ(r)/dr|r=rs = cd/2 = 0.34(3)π a−1. Our distance-
resolution clearly allows us to resolve the mixing dynam-
ics at r ≈ rc. We enlarge this region in Figure 16.

Finally, in Figure 17, we investigate the difference
∆E(r) = E2(r) − E1(r) in the string breaking region.

11 Note that 0 ≈ 0.92a.
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FIG. 16: The same as Figure 15, for the string breaking re-
gion.
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FIG. 17: The energy gap ∆E = E2 − E1 with (circles) and
without (squares) mixing.

The circles represent the results from our mixing analy-
sis while the squares are extracted from fits to the Wilson
loops CQQ and the I = 1 BB operator Cdis

BB alone. This
resembles the situation in the quenched approximation
where no string breaking or mixing occurs. We perform
a quadratic fit in the region 14a ≤ r ≤ 16a,

∆E(r) = ∆Ec + b3(r − rc)
2. (89)

The resulting parameter values are,

rc = 15.00(8) a, (90)

∆Ec = 0.0217(9) a−1, (91)

b = 0.325(14) a−1. (92)

The position of the minimal energy gap rc = 15.00(8)a
is in perfect agreement with the value rs = 14.95(12)a
of Eq. (86), at which θ = π/4. Translated into phys-
ical units we obtain a minimal energy gap, ∆Ec ≈
51(3) MeV, and a string breaking distance,

rc = 2.496(26) r0 ≈ 1.248(13) fm. (93)

The errors quoted are purely statistical and do not con-
tain the 5 % uncertainty of r0 ≈ 0.5 fm or the deviation
of nf = 2 and m ! ms from the real QCD situation.
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FIG. 18: The transition rate g between |B〉 and |Q〉 states, as
a function of r.

C. Transition rates

We assume that the elements of our mixing matrix
only couple to the lowest two QCD eigenstates within the
appropriate static-static sector. In this limit, for each r,
we encounter a quantum mechanical two-state system.
Our two test wave functions are not QCD eigenstates
and, therefore, the off-diagonal matrix elements CQB(t)
assume non-trivial values. The transition rate, governing
string fission at r > rc and fusion at r < rc, is given by,

g =
dCQB(t)

dt

∣

∣

∣

∣

t=0

1
√

CBB(0)CQQ(0)
. (94)

While in Euclidean time all Fock states eventually de-
cay into the ground state |1〉, in Minkowski space-time,
starting from such a non-eigenstate, results in oscillations
between the QQ and BB sectors.

Obviously, our states |Q〉 and |B〉 are somewhat pol-
luted by n ≥ 3 excitations as evidenced by aQ &= 1 and
aB &= 1. So we have to “wait” for some initial relaxation
time tmin to pass until this equation becomes applica-
ble. We can easily extract g from our five parameter fits,

Lattice effort to extract couplings
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FIG. 16: The same as Figure 15, for the string breaking re-
gion.
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FIG. 17: The energy gap ∆E = E2 − E1 with (circles) and
without (squares) mixing.

The circles represent the results from our mixing analy-
sis while the squares are extracted from fits to the Wilson
loops CQQ and the I = 1 BB operator Cdis

BB alone. This
resembles the situation in the quenched approximation
where no string breaking or mixing occurs. We perform
a quadratic fit in the region 14a ≤ r ≤ 16a,

∆E(r) = ∆Ec + b3(r − rc)
2. (89)

The resulting parameter values are,

rc = 15.00(8) a, (90)

∆Ec = 0.0217(9) a−1, (91)

b = 0.325(14) a−1. (92)

The position of the minimal energy gap rc = 15.00(8)a
is in perfect agreement with the value rs = 14.95(12)a
of Eq. (86), at which θ = π/4. Translated into phys-
ical units we obtain a minimal energy gap, ∆Ec ≈
51(3) MeV, and a string breaking distance,

rc = 2.496(26) r0 ≈ 1.248(13) fm. (93)

The errors quoted are purely statistical and do not con-
tain the 5 % uncertainty of r0 ≈ 0.5 fm or the deviation
of nf = 2 and m ! ms from the real QCD situation.
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FIG. 18: The transition rate g between |B〉 and |Q〉 states, as
a function of r.

C. Transition rates

We assume that the elements of our mixing matrix
only couple to the lowest two QCD eigenstates within the
appropriate static-static sector. In this limit, for each r,
we encounter a quantum mechanical two-state system.
Our two test wave functions are not QCD eigenstates
and, therefore, the off-diagonal matrix elements CQB(t)
assume non-trivial values. The transition rate, governing
string fission at r > rc and fusion at r < rc, is given by,

g =
dCQB(t)

dt

∣

∣

∣

∣

t=0

1
√

CBB(0)CQQ(0)
. (94)

While in Euclidean time all Fock states eventually de-
cay into the ground state |1〉, in Minkowski space-time,
starting from such a non-eigenstate, results in oscillations
between the QQ and BB sectors.

Obviously, our states |Q〉 and |B〉 are somewhat pol-
luted by n ≥ 3 excitations as evidenced by aQ &= 1 and
aB &= 1. So we have to “wait” for some initial relaxation
time tmin to pass until this equation becomes applica-
ble. We can easily extract g from our five parameter fits,

difficult to extract accurately

transition amplitude
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Coupling to open-charm channels

The masses resulting from a full coupled channel analysis [26] in the CCC model are shown in

the second column of Table 1. The parameters of the potential model sector, , must be readjusted to

fit the physical masses, , to the observed experimental values. To compute the induced splittings, the

bare centroid of the spin-triplet states is adjusted so that the physical centroid, after inclusion of coupled-

channel effects, matches the value in the middle column of Table 1. The centroid for the 1D masses is

determined by pegging the observed mass of the 1 D . For the 2P levels, the bare centroid is

adjusted so that the 2 P level lies at the centroid of a potential-model calculation. The assumed spin

splittings in the single-channel potential model are shown in the penultimate column and the induced

coupled channel spin splittings for initially unsplit multiplets are presented in the rightmost column of

Table 1. The shifts induced in the low-lying 1S and 1P levels are small. For the other known states in the

2S and 1D families, coupled-channel effects are noticeable and interesting.

In a simple potential picture, the S level lies below the S by the hyperfine splitting

given by

(4)

Using the observed 1S hyperfine splitting, MeV, one would find

MeV , which is larger than the observed MeV, as is typical for potential-model

calculations.

One important result of coupling the open-charm threshold is that the receives a downward shift

of the nearby , that the does not get, as this state does not couple to . This is implicitly present

in the early Cornell papers [11, 12], but the shift of spin singlets states was not explicitly calculated.

The effect was first mentioned by Martin and Richard [27, 28], who calculated the size of the effect.

Recent papers using the CCC model interaction [26, 29] have confirmed this behaviour. In fact, the 2S

induced shifts in Table 1 draw and closer by MeV, substantially improving the agreement

between theory and experiment. This suggests that the - splitting reflects the influence of virtual

decay channels.

If the observed is a charmonium state, it is most naturally interpreted as the 1 D or

1 D level [25,26]; if not, both these states remain to be observed and the dynamics of is significantly

richer. As shown in Table 1, the coupling to open-charm channels increases the 1 D -1 D splitting by

about MeV, but does not fully account for the observed MeV separation between and

. However the position of the 1 D level turns out to be very close to MeV.

1.3 Mixing and Physical State Properties

The physical states are not pure potential-model eigenstates but include components with two virtual

(real above threshold) open flavor meson states. Separating the physical state ( ) into ( ) and two

meson components ( ), the resulting separation by sector leads to an effective Hamiltonian for the

sector given by:

(5)

Solving Eq. 5 in the sector determines the mixing between the potential model states and

coupling to decay channels. This approach has been described in detail [11,12] for the CCC model with

(Eq. 1). An effective Hamiltonian approach has also been considered in the QPC model [30].

The results for the low-lying states is shown in Table2 for the CCC model. The overall prob-

ability for the physical state to be in the sector, denoted , decreases as open charm threshold is

approached. For states above threshold the mixing coefficients become complex. These mixing effects

contribute to observed S-D mixing as well as modifying radiative transition rates [31, 32]. A more de-

tailed discussion of these effects appear in the Decay section.
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Phenomenological approach:

Solve coupled-state system

1. Coupling to Open-Charm Channels

1.1 Theoretical Models

Near the threshold for open heavy flavor pair production, there are significant non-perturbative contri-

butions from light quark pairs to the masses, wavefunctions and decay properties of physical states.

QCD sum rules [1,2] have been used to obtain some results [3–5] and lattice QCD calculations extended

into the flavor-threshold region should eventually give a firm basis for predictions. However, at present a

more phenomenological approach is required to provide a detailed description of these effects.

The effects of light quark pairs near open heavy flavor threshold can be described by coupling the

potential model states to nearby physical multibody states. In this threshold picture, the strong inter-

actions are broken into sectors defined by the number of valence quarks. This separation is reminiscent

of the Tamm-Dancoff approximation [6]. The dynamics of the states (with no valence light quarks,

) is described by the interaction . Nonrelativistic potential models are normally used to determine

the properties of the resulting bound states in this sector. In this framework excitations of the gluonic

degrees of freedom would also be contained the spectrum of .

The two meson sector are described by the Hamiltonian . In the simplest picture,

is assumed to be be described the low-lying spectrum of two free heavy-light mesons. The physical

situation is more complex. At large separation between two mesons the interactions are dominated t-

channel pion exchanges. For states very near threshold such as the X(3872) charmonium state such pion

exchange in attractive channels might have significant effects on properties of the physical states [7]. At

somewhat shorter distances, more complicated interactions exist and new bound states might arise, e.g.

molecular states [8, 9].

Our command of quantum chromodynamics is inadequate to derive a realistic description of the

interactions, , that communicate between the and sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the

vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [10–12]. generalizes the Cornell

model without introducing new parameters, writing the interaction Hamiltonian as

(1)

where is the quarkonium potential and is the color current density, with

the quark field operator and the octet of SU(3) matrices. To generate the relevant interactions, is

expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but transitions

from two mesons to three mesons and all transitions that violate the Zweig rule are omitted. It is a good

approximation to neglect all effects of the Coulomb piece of the potential in Eq. 1. It was shown that this

simple model coupling charmonium to charmed-meson decay channels gives a qualitative understanding

of the structures observed above threshold while maintaining the successes of the single-channel

analysis below threshold [11, 12].

The main theoretical weakness of the CCC model is the use of the time component of a long-

range vector interaction between the heavy quarks color densities rather than the Lorentz scalar confining

interaction now favored in quarkonium potential models.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.

al. [13–15] based on an earlier idea of Micu [16] that the light quark pair is produced from the vacuum

with vacuum quantum numbers . The model is also referred to as the P model. The form

of the interaction Hamiltonian is

(2)

The constant is a free parameter of the model. This model has been applied to the light meson states

[17, 18]. It was first applied above charm threshold by the Orsay group [19].

CCCM

Calculate pair-creation amplitudes,

13D2, 11D2, 13D3

3D3or 3D2

γχc1, γχc2

D0D̄0π0 , D0D̄0γ

<3 D2|HI |DD̄! >Evaluate ,    etc.  ELQ 2004

13D2, 11D2, 13D3

3D3or 3D2

γχc1, γχc2

D0D̄0π0 , D0D̄0γ

<3 D2|HI |DD̄! >

ρa = c̄γ0tac + q̄γ0taq

for ω and ψ0
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2

TABLE I: Thresholds for decay into open charm.

Channel Threshold Energy (MeV)

D0D̄0 3729.4
D+D− 3738.8

D0D̄∗0 or D∗0D̄0 3871.5
D±D∗∓ 3879.5
D+

s D−
s 3936.2

D∗0D̄∗0 4013.6
D∗+D∗− 4020.2

D+
s D̄∗−

s or D∗+
s D̄−

s 4080.0
D∗+

s D∗−
s 4223.8

cc̄ analysis below threshold and gives a qualitative un-
derstanding of the structures observed above thresh-
old [10, 11]. We now employ the Cornell coupled-channel
formalism to analyze the properties of charmonium lev-
els that populate the threshold region between 2M(D)
and 2M(D∗), for which the main landmarks are shown
in Table I.

Our command of quantum chromodynamics is inade-
quate to derive a realistic description of the interactions
that communicate between the cc̄ and cq̄ + c̄q sectors.
The Cornell formalism generalizes the cc̄ model with-
out introducing new parameters, writing the interaction
Hamiltonian in second-quantized form as

HI = 3
8

∑8
a=1

∫
: ρa(r)V (r− r′)ρa(r′) : d3r d3r′ , (3)

where V is the charmonium potential and ρa(r) =
1
2ψ†(r)λaψ(r) is the color current density, with ψ the
quark field operator and λa the octet of SU(3) matrices.
To generate the relevant interactions, ψ is expanded in
creation and annihilation operators (for charm, up, down,
and strange quarks), but transitions from two mesons to
three mesons and all transitions that violate the Zweig
rule are omitted. It is a good approximation to neglect
all effects of the Coulomb piece of the potential in (3).

A full outline of the calculational procedure appears in
Refs. [10, 11], but it is apt to cite a few elements here.
We evaluate Eq. 3 between nonrelativistic (cc̄) states with
wave functions determined by the Cornell potential, and
11S0 and 13S1 cū, cd̄, and cs̄ ground states with Gaussian
wave functions. States with orbital angular momentum
L > 0 can decay in partial waves $ = L∓ 1.

Following [10], we define a coupling matrix within the
(cc̄) sector

Ωnm(W ) =
∑

ij

〈n|HI |DiD̄j〉〈DiD̄j |HI |m〉
(W − EDi − ED̄j

+ iε)
, (4)

where the summation runs over momentum, spin, and fla-
vor. Above threshold (for W > Mi + Mj), Ω is complex.
We decompose Ωnm into a dynamical part (see [10]) that
depends on the radial and orbital quantum numbers of
the charmonium states and on the masses of Di and Dj

times the product recoupling matrix shown in Table II
that expresses the spin dependence for each partial wave.

TABLE II: Statistical recoupling coefficients C, defined by
Eq. D19 of Ref. [10], that enter the calculation of charmonium
decays to pairs of charmed mesons. Paired entries correspond
to ! = L− 1 and ! = L + 1.

State DD̄ DD̄∗ D∗D̄∗

1S0 – : 0 – : 2 – : 2
3S1 – : 1

3 – : 4
3 – : 7

3
3P0 1 : 0 0 : 0 1

3 : 8
3

3P1 0 : 0 4
3 : 2

3 0 : 2
1P1 0 : 0 2

3 : 4
3

2
3 : 4

3
3P2 0 : 2

5 0 : 6
5

4
3 : 16

15
3D1

2
3 : 0 2

3 : 0 4
15 : 12

5
3D2 0 : 0 6

5 : 4
5

2
5 : 8

5
1D2 0 : 0 4

5 : 6
5

4
5 : 6

5
3D3 0 : 3

7 0 : 8
7

8
5 : 29

35
3F2

3
5 : 0 4

5 : 0 11
35 : 16

7
3F3 0 : 0 8

7 : 6
7

4
7 : 10

7
1F3 0 : 0 6

7 : 8
7

6
7 : 8

7
3F4 0 : 4

9 0 : 10
9

12
7 : 46

63
3G3

4
7 : 0 6

7 : 0 22
63 : 20

9
3G4 0 : 0 10

9 : 8
9

2
3 : 4

3
1G4 0 : 0 8

9 : 10
9

8
9 : 10

9
3G5 0 : 5

11 0 : 12
11

16
9 : 67

99

In each channel 2S+1LJ , the physical states correspond
to the eigenvalues of

(Hcc̄ + Ω(W ))Ψ = WΨ . (5)

The real parts of the energy eigenvalues are the char-
monium masses. Imaginary parts determine the widths
of resonances above threshold. The eigenvalues also de-
termine the mixing among (cc̄) states and the overall
fraction in the (cc̄) sector.

To fix the (Coulomb + linear) charmonium potential,

V (r) = −κ/r + r/a2, (6)

we adjust the strength of the linear term to reproduce
the observed ψ′-ψ splitting, after including all the effects
of coupling to virtual decay channels. Neglecting the in-
fluence of open charm gives a = 2.34 GeV, κ = 0.52,
and a charmed-quark mass mc = 1.84 GeV. In the Cor-
nell coupled-channel model, the virtual decay channels
reduce the ψ′-ψ splitting by about 115 MeV, so the slope
parameter has to be reduced to a = 1.97 GeV.

The basic coupled-channel interaction (3) is spin-
independent, but the hyperfine splittings of D and D∗,
Ds and D∗

s , induce spin-dependent forces that affect the
charmonium states. These spin-dependent forces give
rise to S-D mixing that contributes to the ψ(3770) elec-
tronic width, for example, and are a source of additional
spin splitting, shown in the rightmost column of Ta-
ble III. To compute the induced splittings, we adjust the

Statistical Factors in Strong Decays

⇒
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Effects on the spectrum

Coupling to virtual channels induces spin-dependent forces in 
charmonium near threshold, because  M(D*) > M(D)

⇒
⇒

⇒

5

threshold region occupies our interest in this study. How-
ever, analogous effects are present in the bb̄ states near
BB̄ threshold and cb̄ states near DB threshold. A de-
tailed comparison of different heavy-quark systems could
provide valuable insight into the correct form for the cou-
pling to light-quark pairs.

The C3 formalism generalizes the cc̄ model without in-
troducing new parameters, writing the interaction Hamil-
tonian in second-quantized form as

HI = 3
8

∑8
a=1

∫

: ρa(r)V (r − r′)ρa(r′) : d3r d3r′ , (2)

where V is the charmonium potential and ρa(r) =
1
2
ψ†(r)λaψ(r) is the color current density, with ψ the

quark field operator and λa the octet of SU(3) matrices.
To generate the relevant interactions, ψ is expanded in
creation and annihilation operators (for charm, up, down,
and strange quarks), but transitions from two mesons to
three mesons and all transitions that violate the Zweig
rule are omitted. It is a good approximation to neglect all
effects of the Coulomb piece of the potential in (2). This
simple model for the coupling of charmonium to charmed-
meson decay channels gives a qualitative understanding
of the structures observed above threshold while preserv-
ing the successes of the single-channel cc̄ analysis below
threshold [58, 59].

A. Mass Shifts

In the presence of coupling to two-light-quark decay
channels, the mass ω of the quarkonium state Ψ is defined
by the eigenvalue equation

[H0 + H2 + HI ]Ψ = ωΨ. (3)

Above the flavor threshold, ω is a complex eigenvalue.
The basic coupled-channel interaction HI given by

(2) is independent of the heavy quark’s spin, but the
hyperfine splittings of D and D∗, Ds and D∗

s , induce
spin-dependent forces that affect the charmonium states.
These spin-dependent forces give rise to S-D mixing that
contributes to the electronic widths of 3D1 states and in-
duces additional spin splitting among the physical states.

The masses that result from the full coupled-channel
analysis are shown in the second column of Table II,
which revises and extends our previously published re-
sults [8]. The new version presented here includes the
3S levels and takes account of Belle’s evidence [14] for
Z(3930), interpreted as a 23P2 state (cf. §II E 3). As
in our earlier analysis, the parameters of the potential-
model sector governed by H0 must be readjusted to fit
the physical masses, ω, to the observed experimental val-
ues. The centroids of the 1D and 2P spin-triplet masses
are pegged to the observed masses of 13D1 ψ(3770) and
23P2 (Z(3930)), respectively. The assumed spin split-
tings in the single-channel potential model are shown in
the penultimate column and the induced coupled-channel
spin splittings for initially unsplit multiplets are pre-
sented in the rightmost column of Table II. The shifts

TABLE II: Charmonium spectrum, including the influence
of open-charm channels. All masses are in MeV. The penul-
timate column holds an estimate of the spin splitting due
to tensor and spin-orbit forces in a single-channel potential
model. The last column gives the spin splitting induced by
communication with open-charm states, for an initially un-
split multiplet.

State Mass Centroid
Splitting

(Potential)
Splitting
(Induced)

11S0

13S1

2 979.9a

3 096.9a 3 067.6b −90.5e

+30.2e
+2.8
−0.9

13P0

13P1

11P1

13P2

3 415.3a

3 510.5a

3 524.4f

3 556.2a

3 525.3c

−114.9e

−11.6e

+0.6e

+31.9e

+5.9
−2.0
+0.5
−0.3

21S0

23S1

3 638a

3 686.0a 3 674b −50.1e

+16.7e
+15.7
−5.2

13D1

13D2

11D2

13D3

3 769.9a

3 830.6
3 838.0
3 868.3

(3 815)d

−40
0
0

+20

−39.9
−2.7
+4.2
+19.0

23P0

23P1

21P1

23P2

3 881.4
3 920.5
3 919.0
3 931g

(3 922)d

−90
−8
0

+25

+27.9
+6.7
−5.4
−9.6

31S0

33S1

3 943h

4 040a (4 015)i
−66e

+22e
−3.1
+1.0

aObserved mass, from Review of Particle Physics, Ref. [20].
bInput to potential determination.
cObserved 13PJ centroid.
dComputed centroid.
eRequired to reproduce observed masses.
fObserved mass from CLEO [3].
gObserved mass from Belle [14].
hObserved mass from Belle [13].
iObserved 3S centroid.

induced in the low-lying 1S and 1P levels are small. For
all the other states, coupled-channel effects are noticeable
and interesting.

An important consequence of coupling the open-charm
threshold is that the ψ′ receives a downward shift through
its communication with the nearby DD̄ channel; the un-
natural parity η′

c does not couple to DD̄, and so is not
depressed in the same degree. This effect is implicitly
present in the early Cornell papers [58, 59], but the shift
of spin-singlet states was not calculated there. The first
explicit mention—and the first calculation—of the un-
equal effects on the masses of the 2S hyperfine partners
is due to Martin and Richard [61]. In the framework of
the C3 model, we found [8, 9] (cf. Table II) that the
induced shifts draw ψ′ and η′

c closer by 20.9 MeV, sub-
stantially improving the agreement between theory and
experiment. This suggests that the ψ′-η′

c splitting reflects
the influence of virtual decay channels. In the case of the
3S system, both the 31S0 η′′

c and the 33S1 ψ(4040) com-

⇒
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the γγ measurement by CLEO-III with one from ψ(1, 2S) decays.

Dataset Mass(MeV/c2) S C.L.

(a) ALL 2980.0 ±1.2 1.82 0.09%

(b) ALL after 1999 2980.4 ±1.2 1.44 6.6%

(c) ψ(1, 2S) decays 2977.5 ±0.9 1(1.38) 13%

(d) pp̄ 2984.5 ±1.6 1(1.05) 33%

(e) B-factories 2981.9 ±1.1 1(0.65) 65%

PDG 2004 2979.6 ±1.2 1.7 0.1%

Table 3.19: Fits of all ηc mass measurements

!
c
(1S) Mass=2980.0+/-1.2

2960 2970 2980 2990 3000
M(MeV/c

2
)

S=  1.8 CL=9.0E-04

MARK3(86)

DM2(91)

E760(95)

BES1(00)

E835(03)

BES2(03)

BELLE(03)

CLEO3(04)

BABAR(04)

!
c
(1S) Total Width=  28.1+/-3.0

-20 0 20 40 60
"(MeV)

S=  1.6 CL=9.9E-03

MARK3(86)

E760(95)

BES1(00)

E835(03)

BES2(03)

BELLE(03)

BABAR(04)

CLEO3(04)

Fig. 3.21: Mass and width fits for ηc(1S)

!
c
(2S) Mass=3637.4+/-4.4

3550 3600 3650
M(MeV/c

2
)

S=  1.9 CL=1.5E-02

BELLE(03)

BELLE2(03)

CLEO3(04)

BABAR(04)

!
c
(2S) Total Width

-50 0 50
"(MeV)

BELLE(03)

CLEO3(04)

BABAR(04)

Fig. 3.22: Mass and width fits for ηc(2S)

7.2 ηb(nS) and hb(nP): searches†

Over twenty-five years after the discovery of theΥ(1S), no pseudoscalar bb states have been conclusively
uncovered. In recent years, the search has been conducted at CLEO, LEP, and CDF, using both inclusive

and exclusive methods.

The inclusive CLEO search [399] identifies distinctive single photons with its high-resolution CsI

electromagnetic calorimeter. These photons are signatures of Υ radiative decays, in this case Υ(3S) →
ηbγ, Υ(2S) → ηbγ, Υ(3S) → η′bγ, and Υ(3S) → hbπ0 or hbπ+π− followed by hb → ηbγ. Godfrey

†Authors: A. Böhrer, T. Ferguson, J. Tseng
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Mass shifts:

Hyperfine splitting:

Normalize to

Observed

Shift

13D2, 11D2, 13D3

3D3or 3D2

γχc1, γχc2

D0D̄0π0 , D0D̄0γ

<3 D2|HI |DD̄! >

ρa = c̄γ0tac + q̄γ0taq

1.4± 0.7

X(3872)→ π+π−ψ

X(3872)→′ ω ′ + ψ

ψ′′(3770)

M(η′c) = 3637.7± 4.4

M(ψ′)−M(η′c) = 32παs|Ψ(0)|2/9m2
c

M(J/ψ)−M(ηc) = 117 MeV

M(ψ′)−M)η′c) = 67 (MeV

13D2, 11D2, 13D3

3D3or 3D2

γχc1, γχc2

D0D̄0π0 , D0D̄0γ

<3 D2|HI |DD̄! >

ρa = c̄γ0tac + q̄γ0taq

1.4± 0.7

X(3872)→ π+π−ψ

X(3872)→′ ω ′ + ψ

ψ′′(3770)

M(η′c) = 3637.7± 4.4

M(ψ′)−M(η′c) = 32παs|Ψ(0)|2/9m2
c

M(J/ψ)−M(ηc) = 117 MeV

M(ψ′)−M)η′c) = 67 (MeV

(48.3± 4.4) MeV

20.9= MeV

(48.3± 4.4) MeV

20.9MeV

13D2, 11D2, 13D3

3D3or 3D2

γχc1, γχc2

D0D̄0π0 , D0D̄0γ

<3 D2|HI |DD̄! >

ρa = c̄γ0tac + q̄γ0taq

1.4± 0.7

X(3872)→ π+π−ψ

X(3872)→′ ω ′ + ψ

ψ′′(3770)

M(η′c) = 3637.7± 4.4

M(ψ′)−M(η′c) = 32παs|Ψ(0)|2/9m2
c

M(J/ψ)−M(ηc) = 117 MeV

M(ψ′)−M(η′c) = 67 MeV

Agrees

M(η′ ) = 3637.7 ± 4.4
c
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Modified State Properties
• Mixing

• Isospin breaking        P wave decay - 6% 

• Radiative Transitions              

Ψ(13S1) = 0.983 |13S1〉 − 0.050 |23S1〉 − 0.009 |33S1〉 + . . . ; 96.8%(cc̄)

Ψ(13P1) = 0.914 |13P1〉 − 0.075 |23P1〉 − 0.015 |33P1〉 + . . . ; 84.1%(cc̄)

Ψ(13D2) = 0.754 |13D2〉 − 0.084 |23D2〉 − 0.011 |33D2〉 + . . . ; 57.6%(cc̄)
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• Mixing

• Isospin breaking        P wave decay - 6% 

• Radiative Transitions              

Ψ(13S1) = 0.983 |13S1〉 − 0.050 |23S1〉 − 0.009 |33S1〉 + . . . ; 96.8%(cc̄)

Ψ(13P1) = 0.914 |13P1〉 − 0.075 |23P1〉 − 0.015 |33P1〉 + . . . ; 84.1%(cc̄)

Ψ(13D2) = 0.754 |13D2〉 − 0.084 |23D2〉 − 0.011 |33D2〉 + . . . ; 57.6%(cc̄)
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TABLE VI: Calculated and observed rates for E1 radiative
transitions among charmonium levels. C3 model rates include
the influence of open-charm channels.

Partial Width (keV)

13D1(3770) → χc2 γ(208) χc1 γ(251) χc0 γ(338)
model 3.9 59 225
experimenta < 20 78 ± 20

13D2(3831) → χc2 γ(266) χc1 γ(308)
model 45 212

13D3(3868) → χc2 γ(303)
model 286

23P0(3881) → J/ψ γ(704) ψ′ γ(190) 13D1 γ(110)
model 66 29 2.7

23P1(3920) → 13D1 γ(147) 13D2 γ(86)
model 0.7 0.06

23P1(3920) → J/ψ γ(737) ψ′ γ(227)
model 1.9 9.6

23P2(3931) → 13D1 γ(157) 13D2 γ(95) 13D3 γ(62)
model 0.7 4.4 5.8

23P2(3931) → J/ψ γ(775) ψ′ γ(272)
model 22 195

ψ(4040) → 23P2 γ(84) 23P1 γ(132) 23P0 γ(156)
model 18 5.4 20

ψ(4040) → 13P2 γ(456) 13P1 γ(495) 13P0 γ(577)
model 12 0.4 0.03

aCLEO results . . .

IV. IMPLICATIONS FOR NEWFOUND STATES

A. X(3940) as ηc(3S)

The observation by Belle [13] of a state X(3940) re-
coiling against the J/ψ system in continuum production
at the Υ(4S) region fits the general behavior expected for
the η′′

c charmonium level. This state is not seen to decay
into DD̄ but does decay into DD̄∗, suggesting that has
unnatural parity. Figure 1 shows the complex pole posi-
tion of the η′′

c in the C3 model as its bare mass is varied in
10-MeV steps. At 3943 MeV, we estimate a DD̄∗ width
of 49.8 MeV, which is quite close to the experimental
upper bound, Γ(Y (3943)) < 52 MeV.

If ψ(4040) is assigned to the 33S1 level, it is somewhat
problematic to identify X(3940) as its hyperfine partner.
We show in Figure 2 the behavior of the physical mass
and width of the triplet 3S state as the bare mass is varied
in 10-MeV steps. To reproduce the observed masses, we
would require the spin splitting in the charmonium sec-
tor to be 88 MeV, which is considerably larger than the
2S splitting, and larger than expected in naive potential
models.

If, for the moment, we take the existence, mass, and

FIG. 1: Variation of the η′′
c width with mass in the C3 model.

The physical mass of the X(3940) is denoted by a crossed dot.

FIG. 2: Width of the 33S1 state as a function of its mass. The
physical mass of the ψ(4040) is denoted by a crossed dot.

unnatural parity of X(3940) as well established, then it
is possible that some of the discrepancy may be due to
the difficulty of determining the true pole position for
the 33S1 state from measurements of the step in Rcc̄ ≡
σ(e+e− → hadrons)/σ(e+e− → µ+µ−) [63].

B. The 2P states

1. Z(3930) as χ′
c2

Belle has also observed the new state Z(3930) in two-
photon production of DD̄ pairs [14]. The 23P2 and 23P0

levels are natural charmonium candidates; experiment
favors the J = 2 assignment. In constructing Table II,
we adjusted the 2P centroid to give the mass of the J = 2
state in agreement with observation. We show in Figure 3



Decays into open charm

ψ″(3770)  width  agrees 
with experiment

decay width small3D3

No strong decays below

threshold

3D2
1D2

DD̄∗ + D̄D∗

All  remaining 1D states are narrow

 search in         channelDD̄

How to produce these states?
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The X Y Z States
X(3872)                                                         Belle,  August 2003                            
    decays into

Y(3940)                                                         Belle,  August 2004 

    decays into

Y(4260)                                                           BaBar,  June 2005 

    decays into

X(3943)                                                             Belle,  July 2005 

    decays into

Z(3930)                                                            Belle,  July 2005

    decays into

Y(4350)                                                           BaBar,  June 2006

   decays into
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J/ψ π+π−, J/ψ π+π−π0, J/ψ γ, D0D̄0 π0

e+e−, J/ψ π+π−, J/ψ π0π0, J/ψ K+K−

e+e−, ψ′ π+π−

γγ, DD̄

DD̄∗

J/ψ ω



•Is it a new state?

•Charmonium or not?

•If not what?

Basic Questions in Charm Threshold Region:  

Including light quark and string effects seems to blur the distinction 
between charmonium and molecules, hybrids, etc.

Not true for narrow states near thresholds.

Purely counting states.

A molecular or hybrid state exists only if an addition 
narrow state is seen in a given channel.

Levinson’s theorem
Schwinger
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 Belle observes the Z(3930) in ϒϒ production

Mass = 3929 ± 5(stat) ± 2(sys)  MeV

Width = 29 ± 10(stat) ± 2(sys)  MeV

Decay mode DD

5

FIG. 2: Invariant mass distributions for the (a) D0D̄0 chan-
nels and (b) the D+D− mode. (c) The combined M(DD̄)
distribution.

FIG. 3: The sum of the M(DD̄) invariant mass distributions
for all four processes. The curves show the fits with (solid) and
without (dashed) a resonance component. The histograms
show the distribution of the events from the D-mass sidebands
(see the text).

likelihood method with the scales of the two components
treated as free parameters. The linear-background com-
ponent, 0.6± 0.4 events for Pt(DD̄) < 0.05 GeV/c2, and
the goodness of fit, χ2/d.o.f = 18.7/18, indicate that
the events in the peak region originate primarily from
exclusive two-photon events.

The Pt(DD̄) distribution produced by DD̄∗ and D∗D̄∗

events is expected to be distorted by the transverse mo-
mentum of the undetected slow pion(s), which peaks
around 0.05 GeV/c. Such a distortion is not evident
in the observed distribution. From a fit that includes
a D(∗)D̄∗ component, together with DD̄ production and
a linear background, we find that at the 90% confidence
level, less than 6 of the 46 events observed in the selected
Pt region originate from D(∗)D̄∗.

We investigate possible backgrounds from non-DD̄

FIG. 4: The experimental Pt(DD̄) distribution (points with
error bars) for events in the 3.91 < M(DD̄) < 3.95 GeV/c2 re-
gion and the fit (histogram) based on the exclusive γγ → DD̄
process MC plus a linear background (dotted line). The dot-
dashed line shows the location of the Pt selection requirement.

sources using D-sideband events. The histograms in
Fig. 3 show the invariant mass distributions for events
where the D-meson is replaced by a hadron system from
a D-signal mass sideband region below the signal region
with the same width as the signal mass region. We use
two types of sideband events: one where one D-meson
candidate is in the signal mass region (shaded histogram),
and another where both entries are from the sidebands
(open-histogram). Since there is no significant difference
between the two sideband distributions, we conclude that
the sideband events are dominated by non-charm back-
grounds. Since the distributions of the two kinds of the
sideband events are essentially equivalent, we combine
them and scale by a half in order to compare to the DD̄
signal yield.

The sideband-event distribution has no enhancement
in the peak region but does include a broad cluster
around 3.80 GeV/c2 with a shape that is similar to the
low mass enhancement seen for the DD̄ candidates. Since
the level of the sideband events is only 10-20% of the DD̄
candidates, we conclude that the lower mass enhance-
ment is dominantly DD̄ (inclusive or exclusive) events.

Figures 5(a) and (b) show the M(DD̄) distributions for
events with | cos θ∗| < 0.5 and | cos θ∗| > 0.5, respectively,
where θ∗ is the angle of a D meson relative to the beam
axis in the γγ c.m. frame. It is apparent that the events
in the 3.93 GeV/c2 peak tend to concentrate at small
| cos θ∗| values.

The points with error bars in Fig. 5(c) show the event
yields in the 3.91 GeV/c2 to 3.95 GeV/c2 region ver-
sus | cos θ∗|. Background, estimated from events in the
M(DD̄) sideband, is indicated by the histogram. A MC
study indicates that the efficiency is uniform in | cos θ∗|.
For a spin-0 resonance this distribution should be flat. In
contrast, a spin-2 resonance is expected to be produced
with helicity-2 along the incident axis [10, 11], in which
case the expected angular distribution is ∝ sin4 θ∗.

Phys. Rev. Lett. 96, 082003 (2006)

Z(3930)

JPC = 0++ or 2++

28/7/2006 R.Mussa , ICHEP 2006, Moscow

PRL 96 (2006), 82003
(hep-ex/0507033)

64± 18 evts (5.3!) 
M=3929 ± 5 ± 2 MeV
"=29±10 ±2 MeV

"
##
·BR(Z(3930)→DD ) = 180±50±30 eV

Z(3930) in γγ fusion 

JPC = 2++  OK

395 fb-1

χ'
 c2

DD angular distribution 
favors J=2
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DD̄

DD̄∗ + D∗D̄

Total

Total

DsD̄s

DD̄

2P States

Surprisingly narrow width 
- but J = 0 disfavored

2 3P0

2 3P2

DD̄∗ + D∗D̄

DD̄
= 0.32

D+D̄−

D0D̄0
= 0.95

model Γ = 29 MeV

0.74± 0.43± 0.16

exp

✓

Z(3930) likely χ′
c2
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X(3943)
 Belle observes the X(3943) 

in recoil against the J/ψ

Belle [hep-ex/0507019] observed peaks, another significant peak can be seen around a mass of 3.94 GeV/c2. We

Mrecoil(J/!)                          GeV/c
2

N
/2

0
 M

e
V

/c
2

0

50

100

150

2 2.5 3 3.5 4 4.5

FIG. 1: The distribution of masses recoiling against the reconstructed J/ψ in inclusive e+e− →
J/ψX events. The enhancements correspond to the ηc, χc0, ηc(2S) and a new state, X(3940). The

curves are described in the text.

perform a fit to this spectrum that includes three known (ηc, χc0, ηc(2S)) and one new
(X(3940)) charmonium states. In this fit, the mass positions for the ηc, χc0, ηc(2S) and
X(3940) are free parameters. The expected signal line-shapes are determined from Monte
Carlo (MC) simulation as described in the previous Belle publications [5, 6]. As the width
of the new state is unknown, it is a free parameter in the fit. Thus the signal function
for the X(3940) is a convolution of the Monte Carlo line shape, with assumed zero width,
with a Breit-Wigner function. The background is parametrized by a second order polynomial

function and a threshold term (
√

Mrecoil(J/ψ) − 2MD) to account for a possible contribution

from e+e− → J/ψD(∗)D(∗).
The fit results are given in Table I. The significance for each charmonium signal is

defined as
√

−2 ln(L0/Lmax), where L0 and Lmax denote the likelihoods returned by the fits
with the signal yield fixed at zero and at the fitted value respectively for each charmonium
state. The signal for the X(3940) is found to have a significance of 5.0 σ. The width of the
X(3940) state is consistent with zero, with a large statistical error: Γ = 39 ± 26 MeV/c2.
The fit results are shown in the Fig. 1 as the solid curve; the dashed curve is the background
function.

The new state has a mass well above DD threshold. We therefore perform a search for
X(3940) decays into DD and D∗D final states. Because of the small product of D(∗) recon-
struction efficiencies and branching fractions, it is impossible to reconstruct fully the chain
e+e− → J/ψ X(3940), X(3940) → D(∗)D. To increase the efficiency only one D meson
in the event is reconstructed in addition to the reconstructed J/ψ. The other D or D∗

can be detected as a peak in the spectrum of masses recoiling against the J/ψD combina-
tion. The Monte Carlo simulation for e+e− → J/ψDD and e+e− → J/ψD∗D processes
predicts a Mrecoil(J/ψD) resolution of about 30 MeV/c2, thus the separation between these
two processes is 2.5 σ. Fig. 2 shows the Mrecoil(J/ψD) spectrum in the D mass window

5

η       
η’       

χc0

28/7/2006 R.Mussa , ICHEP 2006, Moscow

X(3940) in double charmonium - 2   X(3940) in double charmonium - 2   [ hep-ex/0507019]

Γ = 15±10.1 MeV

M= 3943±6 MeV/c2

N
x
 = 24.5 ± 6.9 (5σ)

JPC ≠ 0++, 2++  

a) J/ψ + DD
BR(DD) < 41% @ 90%CL 

b) J/ψ + DD*
BR(DD*) > 45% @ 90%CL 

X(3943)      
Mass = 3936 ± 14  MeV

Width = 39 ± 26  MeV

M(ψ(4040) - X(3943))  
≈ 100 MeV Large

Not a         state
BR(DD̄∗ + D∗D̄) > 45% @ 90%cl

BR(DD̄) < 41% @ 90%cl

3P0

Likely the        state,  but η′′
c
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Coupled Channels Results for  

Γ ≈ 50 MeV

 3S Spin Splitting 
increased

8

TABLE VI: Calculated and observed rates for E1 radiative
transitions among charmonium levels. C3 model rates include
the influence of open-charm channels.

Partial Width (keV)

13D1(3770) → χc2 γ(208) χc1 γ(251) χc0 γ(338)
model 3.9 59 225
experimenta < 20 78 ± 20

13D2(3831) → χc2 γ(266) χc1 γ(308)
model 45 212

13D3(3868) → χc2 γ(303)
model 286

23P0(3881) → J/ψ γ(704) ψ′ γ(190) 13D1 γ(110)
model 66 29 2.7

23P1(3920) → 13D1 γ(147) 13D2 γ(86)
model 0.7 0.06

23P1(3920) → J/ψ γ(737) ψ′ γ(227)
model 1.9 9.6

23P2(3931) → 13D1 γ(157) 13D2 γ(95) 13D3 γ(62)
model 0.7 4.4 5.8

23P2(3931) → J/ψ γ(775) ψ′ γ(272)
model 22 195

ψ(4040) → 23P2 γ(84) 23P1 γ(132) 23P0 γ(156)
model 18 5.4 20

ψ(4040) → 13P2 γ(456) 13P1 γ(495) 13P0 γ(577)
model 12 0.4 0.03

aCLEO results . . .

IV. IMPLICATIONS FOR NEWFOUND STATES

A. X(3940) as ηc(3S)

The observation by Belle [13] of a state X(3940) re-
coiling against the J/ψ system in continuum production
at the Υ(4S) region fits the general behavior expected for
the η′′

c charmonium level. This state is not seen to decay
into DD̄ but does decay into DD̄∗, suggesting that has
unnatural parity. Figure 1 shows the complex pole posi-
tion of the η′′

c in the C3 model as its bare mass is varied in
10-MeV steps. At 3943 MeV, we estimate a DD̄∗ width
of 49.8 MeV, which is quite close to the experimental
upper bound, Γ(Y (3943)) < 52 MeV.

If ψ(4040) is assigned to the 33S1 level, it is somewhat
problematic to identify X(3940) as its hyperfine partner.
We show in Figure 2 the behavior of the physical mass
and width of the triplet 3S state as the bare mass is varied
in 10-MeV steps. To reproduce the observed masses, we
would require the spin splitting in the charmonium sec-
tor to be 88 MeV, which is considerably larger than the
2S splitting, and larger than expected in naive potential
models.

If, for the moment, we take the existence, mass, and

FIG. 1: Variation of the η′′
c width with mass in the C3 model.

The physical mass of the X(3940) is denoted by a crossed dot.

FIG. 2: Width of the 33S1 state as a function of its mass. The
physical mass of the ψ(4040) is denoted by a crossed dot.

unnatural parity of X(3940) as well established, then it
is possible that some of the discrepancy may be due to
the difficulty of determining the true pole position for
the 33S1 state from measurements of the step in Rcc̄ ≡
σ(e+e− → hadrons)/σ(e+e− → µ+µ−) [63].

B. The 2P states

1. Z(3930) as χ′
c2

Belle has also observed the new state Z(3930) in two-
photon production of DD̄ pairs [14]. The 23P2 and 23P0

levels are natural charmonium candidates; experiment
favors the J = 2 assignment. In constructing Table II,
we adjusted the 2P centroid to give the mass of the J = 2
state in agreement with observation. We show in Figure 3

Requires bare  splitting:    
88 Mev

Extract 33S1 pole from 
CCC model of ΔR. 

✓
Including DDP channels:
 Expected to add significant spin splitting

To check:

No improvement

η′′
c
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Y(3940) Belle [PRL94, 182002 (2005)] 

Mass = 3940 ± 11  MeV

Width = 92 ± 24  MeV

 Belle observes the Y(3940) in 
B decays to K ω J/ψ

28/7/2006 R.Mussa , ICHEP 2006, Moscow

255 fb-1 : PRL94, 182002 (2005)

M
(J

/!
 "

)

B!K " J/!

Y(3940) in B decays to K Y(3940) in B decays to K ωω J/ J/ψ ψ   

M = 3940 ! ± 11 MeV
#!= 92 ± 24 MeV
#(Y(3940)!"J/!) > 7 MeV?? 

M($+$%$0)
 Decay mode seen: ω J/ψ

2 3P1 ?

Not a good fit - mass, width, modes

Y(3940) needs confirmation

DD̄∗ + D̄D∗

Decay width versus mass
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X(3872)

Mass

Width  < 2.3 MeV @ 90 % c.l.  Belle

3.871.2 ± 0.5 MeV

PDG06 DD* thresholds:
3.871.1 ± 0.8 MeV0

3.877.7 ± 0.8 MeV+

 CLEO Preliminary  
More precise D masses 

M(X)−M(D0)−M(D̄∗0) = −0.4± 0.7 MeV

Decays:   π+π−J/ψ discovery mode

Production:

Belle and BaBar - 
Produced in B decays. 

CDF and D0 - Significant 
prompt production. 
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X(3872): discovery in B X(3872): discovery in B →→ K ( K (ππ++  ππ−−J/J/ψψ))

 LP2003, August '03 
 Discovery  in B decays ! K J/"##
 
Belle : PRL91,262001(2003)
[hep-ex/0309032]  

     M = 3872.0±0.6±0.5 MeV/c2

     Γ < 2.3 MeV (90%CL)
      Br( B+ → K+X)*Br(X  →  J/ψ ππ) 
      Br( B+  →  K+ψ')*Br(yψ'  →  J/ψ ππ) 

X(3872)

"(2S)

 
BaBar: PRD71,071103(2005)
[hep-ex/0406022] 

152 M BB

  = 6.3±1.2±0.7 % 

28/7/2006 R.Mussa , ICHEP 2006, Moscow

X(3872): production in pX(3872): production in ppp annihilations annihilations

 QWG2003, September '03 
             ( www. qwg.to.infn.it)
 
CDF: PRL93,072001(2004)
[hep-ex/0312021] 
Prompt X(3872) is dominant:
only 16% from B! K J/"## X(3872)

"(2S)

             PRL93,162002(2004)
[hep-ex/0405004] 

X(3872) production vs  pseudo-rapidity

28/7/2006 R.Mussa , ICHEP 2006, Moscow
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      Br( B+ → K+X)*Br(X  →  J/ψ ππ) 
      Br( B+  →  K+ψ')*Br(yψ'  →  J/ψ ππ) 

X(3872)

"(2S)

 
BaBar: PRD71,071103(2005)
[hep-ex/0406022] 

152 M BB
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Detailed look at nearby thresholds

X(3871.2 ±0.5)

M(X)−M(D0)−M(D̄∗0) (MeV)

D0D̄0π0

D0D̄−π+
D+D̄−π0

D+D̄0π− D+D̄∗−D0D̄∗0

J/ψ ρ J/ψ ω
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X(3872) –  X(3872) –  ππ++  ππ− − mass distributionmass distribution

Consistent with large J/ψ ρ contribution 
(Isospin =1)

28/7/2006 R.Mussa , ICHEP 2006, Moscow

X(3872) – X(3872) – ππ++  ππ−−J/J/ψ  ψ  angular distributionangular distribution

 not 0++    

 neither 0-+   k•(!"x!J/#)

!"•!J/#

$2/dof = 31/9

$2/dof=34/9

      (see Krep's talk, today)

Favors 
J = 1++ or 2-+ 
(But J=2 unseen, in B to K charmonium)

28/7/2006 R.Mussa , ICHEP 2006, Moscow

X(3872) – X(3872) – ππ++  ππ−−J/J/ψ  ψ  angular distributionangular distribution

 not 0++    

 neither 0-+   k•(!"x!J/#)

!"•!J/#

$2/dof = 31/9

$2/dof=34/9

      (see Krep's talk, today)

Favors 
J = 1++ or 2-+ 
(But J=2 unseen, in B to K charmonium)

 π π mass distribution
fits ρ J/ψ (L=0)

JPC = 1++
Strongly favored

Production rates
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Other decay modes:

X(3872)→ π0π0 J/ψ
X(3872)→ π+π−J/ψ

X(3872)→ γ ψ′

X(3872)→ γ J/ψ

Belle + BaBar X(3872)→ γJ/ψ

X(3872)→ π+π−J/ψ
= 0.19± 0.07

Belle 

X(3872)→ π0D0D̄0

X(3872)→ π+π−J/ψ
≈ 10

28/7/2006 R.Mussa , ICHEP 2006, Moscow

X(3872) in B decays to X(3872) in B decays to ππDDDD    

Br(B→KX)Br(X→π0D0D 0 ) : 
(1.27 ±0.31        )x10-4

Mass:
M=3875.4±0.7     ±0.8 MeV/c2

 

+0.7
-1.7

hep-ex/0606055 (see Majumder's talk)

+0.22
-0.39

Br(X!D0D0!0)
Br(X!!+!"J/#)

~ 10

B→K γ D0D 0 ?

X(3872)→ ”ω”J/ψ

X(3872)→ γJ/ψ
≈ 1.0± 0.4± 0.3

M = 3875.4± 0.7 +0.7
−1.7 ± 0.8MeV

Belle 

M–(mD0+ mD*0) = +4.3 ± 0.7       MeV
+0.7
-1.7

DD* “Binding Energy?”:
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Is the X(3872) the 23P1  charmonium state ?

Mass too low:
Setting the χ’c2 to the observed mass and including the 

coupled channel effects:  M(χ’c1 ) = 3920 MeV

Radiative transitions:
FIG. 1: Expected width of the η′′

c as a function of its mass.

TABLE VI: E1 radiative transition rates.

Partial Width (keV)

23P1(3872)→ 13D1 γ(101) 13D2 γ(41)

model 1.05 0.2

23P1(3872)→ J/ψ γ(698) ψ′ γ(182)

model 34.7 21.1

8

50% admixture 
of D0D0

Exp ratio too small

X(3872)→ γψ′

X(3872)→ γJ/ψ
≈ 0.6

Lattice - M(χ’c1 ) = 4060 (70) MeV  (quenched)     [Chen hep-lat/0006019]
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X(3872)→ γJ/ψ

X(3872)→ π+π−J/ψ
= 0.19± 0.07

Belle + BaBar 



D0D̄0∗ + D0∗D̄0

Decay width grows rapidly 
above threshold

Induced isospin breaking 
only 8%.

NO (with caveats) 

So is the X(3872) the 23P1  charmonium state ?

|X >= cos(α)|cc̄(23P1) > +sin(α)|D0D̄0∗ + D0∗D̄ >

general form 

not ruled out 
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Y(4260)

Decays:   π+π−J/ψ discovery mode

Production:
Seen by BaBar in 
ISR production 

BaBar
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410Fit result

Background

J/! sidebands
Y(4260)

(2S)!

Figure 4: J/ψπ+π− invariant mass spectrum in the range 3.8−5.0 GeV/c2 and (inset) over
a wider range that includes the ψ(2S) state.

least five charged tracks in the event for background suppression, we report the product of
the branching fraction to states with more than two tracks and the production cross section.
The results are 17.6±2.8+1.5

−2.1 fb, 10.3±2.5+1.4
−1.8 fb and 16.4±3.7+2.4

−3.0 fb for ηc, χc0 and ηc(2S),
respectively. These values are an order of magnitude higher than those predicted by non-
relativistic QCD [13]. However, recent works incorporating charm quark dynamics [14] seem
to narrow down the discrepancy.

5 Observation of Y (4260)

ISR events produced in the Υ (4S) energy region at the B factories act as a probe of inter-
esting physics occurring at a lower center-of-mass energy. Motivated by this, BABAR has
investigated the e+e− → J/ψπ+π−γISR process across the charmonium mass range, using a
data sample of 233 fb−1 integrated luminosity [15]. These events are characterized by two
pions, two leptons (electron or muon) making a J/ψ candidate and a very small recoil mass
against the J/ψπ+π− system. Figure 4 shows the J/ψπ+π− invariant mass spectrum for
the selected candidates. An enhancement of events near 4.26 GeV/c2 is clearly observed
in addition to the expected ψ(2S) peak. No other structures are evident in the spectrum
including the X(3872). Using a maximum likelihood fit, we obtain a signal yield of 125± 23
with a statistical significance of 8σ (the signal is referred to as Y (4260)). The mass and
width of the particle are found to be 4259 ± 8+2

−6 MeV/c2 and 88 ± 23+6
−4 MeV, respectively.

We also calculate a value of Γ(Y (4260) → e+e−) · B(Y → J/ψπ+π−) = 5.5 ± 1.0+0.8
−0.7 eV.

Although all these results are from a single resonance fit, we cannot exclude or establish a
multi-resonance hypothesis at the current level of statistics. More data are needed to reveal
its exact nature.

5

JPC = 1−−

Confirmed by CLEO and Belle

π0π0J/ψ

K+K−J/ψ
CLEO consistent with 

isospin zero

small ΔR
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Y(4260) in eY(4260) in e++ee--  →→    ππ++  ππ−−J/J/ψψ    
233 fb-1

BaBar PRL95, 142001 (2005)

13.3 fb-1

Exp            Mass(MeV)        Width(MeV)
BaBar      4259±8+2

-6 
               88±23+6

-4

CLEO      4283+17
-16

 ±4            70+40
-25

±5
Belle        4295±10+11

-5  
         133±26+13

-6

Preliminary



 A charmonium state ?

4S state:

ΔR~ 2.5 for 4S at the 
Y(4260) mass

Ruled out

2D state:

Decay widths

4S

2D

4S

Already have the 
2D (4160):

Ruled out (model dependent)
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Total

D∗D̄∗

DD̄∗ + D̄D∗

DD̄



CLEO-c  hep-ex/0606016

Model - Cornell Coupled Channel 
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CLEO-c  hep-ex/0606016

Model - Cornell Coupled Channel 
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Y(4350)

QWG06,  June 27 2006 Shuwei YE 21
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Nbkg = 3.8 !1.1

298 fb-1 Nevt = 78

Mass resolution

"7 MeV

Data

Y(4260) + BKG

New resonance + BKG

3-body phase-space + BKG

(2S))ψBKG (non-

...but it's not the Y(4260)...
Fit !"#$%&%#$#%&'(')#!"#*+",-#."$/,0*!"1,.23#

Try 456*+7#85/"-9#:;*27#2:*.7<#"=-#*0-#076#172"0*0.7<#cannot find a good fit

Incompatible 6,!;#Y(4260), '(4415), "1#S-wave 3-body phase-space :1"->.!,"0

?22>$,0@#*#single resonance (mass=(4354!16) MeV/c2,  )=(106!19) MeV %2!*!,2!,.*=#711"12#"0=9)

2!,==#insufficient !"#A>==9#-72.1,/7#!;7#2:7.!1>$#%*&5:1"/#B#1.4 +10-4)

."$:*17-#6,!;#*&5:1"/ B#1.6 +10-8 for Y(4260), 4.2 +10-9 for'(4415)

Confirmation needed

Seen by BaBar
in the decay mode 

π+π−ψ(2S)

Mass:

Width:

4354± 16 MeV

106± 9 MeV
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X, Y, Z ‘s  Status Table

Observed State JPC (c̄c) Alternative

Many            

Belle            

X (3872)            

Z (3934)            

Y (3940)            Belle            

X (3943)            

Y (4260)            

Belle            

Babar            

D D* Molecule✓
✓✓

✓

✓

✓
?JP+

2++

1++

0-+

1--CLEO            Hybrid
23D1
43S1
×

Belle            

Babar Y (4350)            1-- ?

cc̄

×
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2 3P1

2 3P2

3 1S0

4 3S1

2 3D1

4 3S1

2 3D1



Issues and  Opportunities
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D0D̄0∗ molecule:
Tornqvist (8-03, 2-04); Close and Page (9-03); Pakvasa and

Suzuki (9-03); Voloshin (9-03, 8-04, 9-05, 5-06); Wong (11-

03); Braaten and Kusunoki (11-03; 2-04; 12-04, 6-05, 7-05,

9-06); Swanson (11-03, 6-04, 10-04); Braaten, Kusunoki, and

Nussinov (4-04); Kalashnikova (6-05); AlFiky, Gabbiani, and

Petrov (6-05); El-Hady (3-06), Chiu and Hsieh (3-06); Zhang,

Chiang, Shen and Zou (4-06); Melikhov and Stech (6-06)

threshold cusp:
Bugg (10-04)

D0D̄0∗ molecule:
Tornqvist (8-03, 2-04); Close and Page (9-03); Pakvasa and

Suzuki (9-03); Voloshin (9-03, 8-04, 9-05, 5-06); Wong (11-

03); Braaten and Kusunoki (11-03; 2-04; 12-04, 6-05, 7-05,

9-06); Swanson (11-03, 6-04, 10-04); Braaten, Kusunoki, and

Nussinov (4-04); Kalashnikova (6-05); AlFiky, Gabbiani, and

Petrov (6-05); El-Hady (3-06), Chiu and Hsieh (3-06); Zhang,

Chiang, Shen and Zou (4-06); Melikhov and Stech (6-06)

threshold cusp:
Bugg (10-04)

tetraquark: (c̄q̄)3(qc)3̄
Vijande, Fernandez, and Valcarce (7-04); Maiani, Piccinini, Polosa,

and Riquer (12-04); Ishida, Ishida and Maeda (9-05); Ebert,

Faustov and Galkin (12-05); Karliner and Lipkin (1-06); Chiu

and Hsieh (3-06)

tetraquark: (c̄c)8(q̄q)8
Hogassen, Richard and Sorba (11-05)

hybrid: (c̄gc)
Close and Page (9-03); Li (10-04)

tetraquark: (c̄q̄)3(qc)3̄
Vijande, Fernandez, and Valcarce (7-04); Maiani, Piccinini, Polosa,

and Riquer (12-04); Ishida, Ishida and Maeda (9-05); Ebert,

Faustov and Galkin (12-05); Karliner and Lipkin (1-06); Chiu

and Hsieh (3-06)

tetraquark: (c̄c)8(q̄q)8
Hogassen, Richard and Sorba (11-05)

hybrid: (c̄gc)
Close and Page (9-03); Li (10-04)

Options for X(3872) (225 papers)

tetraquark: (c̄q̄)3(qc)3̄
Vijande, Fernandez, and Valcarce (7-04); Maiani, Piccinini, Polosa,

and Riquer (12-04); Ishida, Ishida and Maeda (9-05); Ebert,

Faustov and Galkin (12-05); Karliner and Lipkin (1-06); Chiu

and Hsieh (3-06);

Buccella, Hogassen, Richard and Sorba (8-06)

tetraquark: (c̄c)8(q̄q)8
Hogassen, Richard and Sorba (11-05);

Buccella, Hogassen, Richard and Sorba (8-06)

hybrid: (c̄gc)
Close and Page (9-03); Li (10-04)
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In a two body system with short range interactions and 
an S-wave bound state sufficiently close to threshold

Universal properties depending only on the large 
scattering length (a)

Braaten and Hammer 
[cond-mat/0410417] 

This applies to the X(3872)
Braaten and Kusunoki  

one bound state

1

a
= γr + iγi

a > 0

EX = γ2
r/(2µ)

ΓX = 2γrγi/µ
µ =

M(D0)M(D0∗)

M(D0) + M(D0∗)

ψ(r) =
exp(−γrr)

r

Very large average separation between the charm quark and antiquark

Since this behavior is universal it gives no 
insight into how the bound state forms

If

σ(E) =
π

γ2
r + (γi +

√
2µE)2
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> 7 fm



Strong S-wave coupling for 2P state

23P1 23P1

D

D̄∗



σ(E) =
π

γ2
r + (γi +

√
2µE)2

For molecular interpretation:

28/7/2006 R.Mussa , ICHEP 2006, Moscow

X(3872) in B decays to X(3872) in B decays to ππDDDD    

Br(B→KX)Br(X→π0D0D 0 ) : 
(1.27 ±0.31        )x10-4

Mass:
M=3875.4±0.7     ±0.8 MeV/c2

 

+0.7
-1.7

hep-ex/0606055 (see Majumder's talk)

+0.22
-0.39

Br(X!D0D0!0)
Br(X!!+!"J/#)

~ 10

B→K γ D0D 0 ?

Belle

Fit?

Lattice calculation: Chiu and Hsieh [hep-lat/0603207]

Much work remains - quenched;  single lattice spacing

suggests that it is plausible to use the quenched lattice QCD with exact chiral
symmetry to investigate the mass spectra of the exotic meson operators con-
structed in this paper, as first steps toward the unquenched calculations. The
systematic error due to quenching can be determined only after we can repeat
the same calculation with unquenched gauge configurations. However, the
Monte Carlo simulation of unquenched gauge configurations for lattice QCD
with exact chiral symmetry, on the lattices 203 × 40 and 243 × 48 at β = 6.1,
still remains a challenge to the lattice community. Thus, in this paper, we
proceed with the quenched approximation, assuming that the quenching error
does not change our conclusions dramatically, in view of the good agreement
between our previous quenched mass spectra of charmed hadrons [19, 20] and
the experimental values.

2 The Molecular Operators

In this section, we construct four molecular operators with quark content
(cqc̄q̄) such that the lowest-lying state of each operator has JPC = 1++.
Then we compute the time correlation function of each operator, and extract
the mass of its lowest-lying state. Explicitly, these molcular operators are:

M1 =
1√
2
{(q̄γic)(c̄γ5q) − (c̄γiq)(q̄γ5c)} (1)

M2 = (q̄γ5γiq)(c̄c) (2)

M3 =
1√
2
{(q̄γ5γic)(c̄q) + (c̄γ5γiq)(q̄c)} (3)

M4 = (c̄γ5γic)(q̄q) (4)

The time-correlation function2

CM(t) =
∑

!x

〈

M(#x, t)M †(#0, 0)
〉

is measured for each gauge configuration, and its average over all gauge con-
figurations is fitted to the usual formula

Z

2ma
[e−mat + e−ma(T−t)]

to extract the mass ma of the lowest-lying state and its spectral weight

W =
Z

2ma
.

2Here we have neglected the cc̄ and qq̄ annihilation diagrams such that C(t) does not
overlap with any conventional meson (cc̄ or qq̄) states. Also, C(t) has been averaged over Ci

(with γi) for i = 1, 2, 3, where in each case, the “forward-propagator” Ci(t) and “backward-
propagator” Ci(T − t) are averaged to increase the statistics. The same strategy is applied
to all time-correlation functions in this paper.

2

t

5 10 15 20

lo
g
(C

)

-5

-10

-15

-20

-25

-30

24
3 
x 48, !"#"6.1

$00 configs.

1
%%""

:    (s&ic)(c&5s)-(c&is)(s&5c)' ' ' '

TWQCD/l24t48/g100/DVDA/mq=0.08

t
0 5 10 15 20

m
e

ff

0

2

4

6

1
!!""

:    (s#ic)(c#5s)-(c#is)(s#5c)

24
3 
x 48, $"%"6.1

&00 configs.

TWQCD/l24t48/g100/DVDA/mq=0.08

' ' ' '

(a) (b)

Figure 3: (a) The time-correlation function C(t) of the lowest-lying state of
M1 for mq = ms = 0.08a−1, on the 243 × 48 lattice at β = 6.1. The solid line
is the hyperbolic-cosine fit for t ∈ [14, 21]. (b) The effective mass Meff(t) =
ln[C(t)/C(t + 1)] of C(t) in Fig. 3a.

3 The Diquark-Antidiquark Operator

We construct the diquark-antidiquark operator with JPC = 1++ as

X4(x) =
1√
2

{

(qT Cγic)xa(q̄Cγ5c̄
T )xa − (q̄CγT

i c̄T )xa(q
T Cγ5c)xa

}

(5)

where C is the charge conjugation operator satisfying CγµC−1 = −γT
µ and

(Cγ5)T = −Cγ5. Here the “diquark” operator (qT ΓQ)xa for any Dirac matrix
Γ is defined as

(qT ΓQ)xa ≡ εabcqxαbΓαβQxβc (6)

where x, {a, b, c} and {α, β} denote the lattice site, color, and Dirac indices
respectively, and εabc is the completely antisymmetric tensor. Thus the diquark
(6) transforms like color anti-triplet. For Γ = Cγ5, it transforms like JP = 0+,
while for Γ = Cγi (i = 1, 2, 3), it transforms like 1+.

In Fig. 4, the ratio (R = W20/W24) of spectral weights of the lowest-lying
state extracted from the time-correlation function of X4 on the 203 × 40 and

5

M = 3890±30 MeV

✓ signal✓

✓

V dependence 
fits single meson
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Options for Y(4260) (62 papers)

hybrid: (c̄gc)
Close and Page (7-05); Kou and Pene (7-05); Zhu (7-05); Juge,
O’Cais, Oktay, Peardon and Ryan (10-05); Luo and Liu (12-05);
Chiu and Hsieh (12-05); Swanson (9-05, 1-06); Barnes (10-05);
Eichten, Lane and Quigg (11-05); S. Godfrey (5-06); Buisseret
and Mathieu (7-06);

threshold effect:
Beveren and Rupp (5-06); Rosner (8-06)

tetraquark: (c̄q)1(q̄c)1, (c̄q̄)3(qc)3̄, or (c̄c)8(q̄q)8

Liu, Zeng and Li, (7-05); Bigi, Maiani, Piccinini, Polosa and
Riquer (10-5); Yuan, Wang and Mo (11-05); Ebert, Faustov
and Galkin (12-05); Maiani, Riquer, Piccinini and Polosa (3-
06); Stancu (7-06); Cui, Chen, Deng and Zhu (7-06); Buccella,
Hogassen, Richard and Sorba (8-06)

...
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Y(4260)  

Molecular state - Unlikely

  Hybrid - Attractive Close and Page [hep-ph/0507199]

Zhu [hep-ph/0507025]

Charmonium 
Juge, Kuti,Morningstar

 [nucl-th/0307116]

FIGURE 4. (a) Static potentials and radial probability densities against quark-antiquark separation r

with r−10 = 415 MeV for the conventional 1S and 1P charmonium levels and the hybrid 1P!u state.

(b) Spin-averaged spectrum in the LBO approximation (light quarks neglected). Solid lines indicate

experimental measurements. Short dashed lines indicate the S,P, and D state masses obtained using the
"+
g potential with Mc = 1.20 GeV. Dashed-dotted lines indicate the hybrid quarkonium states obtained
from the !u (L= 1,2,3) and "−u (L= 0,1,2) potentials.

TABLE 1. The meson spin-singlet operators used in the simulations of Ref. [7] in terms

of the heavy quark two-component field # , antiquark field $ , covariant derivative DDD, and
chromomagnetic field BBB. Note that p = 0,1,2, and 3 were used to produce four distinct
operators in the 0−+ and 1−− sectors. In the third column are listed the spin-triplet states

which can be formed from the operators in the last column; the states in each row are

degenerate for the NRQCD action used here.

JPC Degeneracies Operator

0−+ S wave 1−− $† (DDD2)p #

1+− P wave 0++,1++,2++ $† DDD #

1−− H1 hybrid 0−+,1−+,2−+ $† BBB(DDD2)p #

1++ H2 hybrid 0+−,1+−,2+− $† BBB×DDD #

0++ H3 hybrid 1+− $† BBB·DDD #

possible mixings between different adiabatic surfaces. The level splittings (in terms of

the hadronic scale r0 and with respect to the 1S state) of the conventional 2S and 1P

states and four hybrid states were compared (see Fig. 5) and found to agree within 10%,

strongly supporting the validity of the leading Born-Oppenheimer picture. The operators

used to create the mesons in the simulations are described in Table 1.

4

FIG. 2: The branching fractions for the various exclusive
charm mesons final states in the ψ(3770) region

TABLE III: Nearby thresholds for two body open charm de-
cays. For final states consisting of two ground state charmed
mesons all charge state thresholds are shown separately. For
final states where one state is an orbital or radial excited
charm meson which may have a significant width, only the
neutral state thresholds are shown. In this case, the width of
the excited state is shown in the last column.

Channel Threshold Energy Width
D∗+

s D∗−
s 4223.8 - P wave

DD̄1(3/2+) 4286.5 20.3(1.7) D wave
DD̄1(1/2+) 4306(32) 329(76) S wave
DD̄2(3/2+) 4327.5 43.8(2.0) D wave
D∗D̄0(1/2+) 4315(36) 276(66) D wave

V. THE REGION 3.85 <
√

s < 4.3 GEV

VI. THE ψ(4400) REGION

VII. SUMMARY AND DISCUSSION

The computed properties of the 23P2 and 31S0 cc̄ levels
are in rough agreement with the Z(3931) and X(3943)
states observed at Belle. We await more statistics and
confirmation of these results to make a definitive state-
ment on the identification of these states.

It is extremely important to solidify what appears to be
known about X(3872), the best studied of the new states,
beginning with its 1++ quantum numbers. We emphasize
the need to confirm the γJ/ψ decay mode, which fixes
the C = + assignment, and to determine the X(3872)→
π0π0J/ψ branching fraction.

Experiments should continue to search for additional
narrow charmonium states in neutral combinations of
charmed mesons and anticharmed mesons. The most
likely candidates correspond to the 13D3, 13D2, and 13F4

levels [20]. The analysis we have carried out can be ex-

FIG. 3: ∆R in the 3.85 <
√

s < 4.3 region. The D̄D final
states are denoted by a dashed lines (blue); the D̄ ∗D + D̄D∗
channels are denoted by a dotted lines; and the D̄ ∗D∗ chan-
nels are denoted by dash-dotted lines. The total contribution
is given by the solid (black) line.

FIG. 4: The branching fractions for the various exclusive
charm mesons final states in the 3.85 <

√
s < 4.3 region.

tended to the bb̄ system, where it may be possible to see
discrete threshold-region states as well. For any of these
new states that are threshold bound states their mass
is primarily determined by the positions of open flavor
channels. For example, if the X(3872) arises through ad-
ditional interaction in the two-meson sector, then in the
bb̄ system we would expect an analog state not far below
B∗B̄ threshold.
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FIGURE 5. Simulation results from Ref. [7] for the heavy quarkonium level splittings of two conven-

tional levels and four hybrid levels (in terms of r0 and with respect to the 1S state) against the lattice

spacing as. Results from Ref. [8] using an NRQCD action with higher-order corrections are shown as

open boxes and!. The horizontal lines show the LBO predictions. Agreement of these splittings within
10% validates the leading Born-Oppenheimer approximation (in the absence of light quarks).

Quark spin effects and light-quark loops

A very recent study[9] has shown that heavy-quark spin effects are unlikely to spoil

the Born-Oppenheimer approximation. Using lowest-order lattice NRQCD to create

heavy-quark propagators, a basis of unperturbed S-wave and |1H〉 hybrid states were
formed. The cB!!! ···BBB/2MQ spin interaction was then applied at an intermediate time slice

to compute the mixings between such states due to this interaction in the quenched

approximation (see Fig. 6). For a reasonable range of cB values, the following results

were obtained:

〈1H|"〉 ≈ 0.076−0.11,
〈1H|#b〉 ≈ 0.13−0.19,

〈1H|J/$〉 ≈ 0.18−0.25,
〈1H|#c〉 ≈ 0.29−0.4.

Hence, mixings due to quark spin effects in bottomonium are very small, and even in

charmonium, the mixings are not large.

In the absence of light quark loops, one obtains a very dense spectrum of mesonic

states since the VQQ̄(r) potentials increase indefinitely with r. However, the inclusion
of light quark loops changes the VQQ̄(r) potentials. First, there are slight corrections at
small r, and these corrections remove the small discrepancies of the LBO predictions

with experiment below the BB threshold seen in Fig. 3. For large r, the inclusion of

light quark loops drastically changes the behavior of the VQQ̄(r) potentials: instead
of increasing indefinitely, these potentials eventually level off at a separation above 1

fm when the static quark-antiquark pair, joined by gluonic flux, can undergo fission

into (Qq)(Qq), where q is a light quark. Clearly, such potentials cannot support the

FIGURE 4. (a) Static potentials and radial probability densities against quark-antiquark separation r

with r−10 = 415 MeV for the conventional 1S and 1P charmonium levels and the hybrid 1P!u state.

(b) Spin-averaged spectrum in the LBO approximation (light quarks neglected). Solid lines indicate

experimental measurements. Short dashed lines indicate the S,P, and D state masses obtained using the
"+
g potential with Mc = 1.20 GeV. Dashed-dotted lines indicate the hybrid quarkonium states obtained
from the !u (L= 1,2,3) and "−u (L= 0,1,2) potentials.

TABLE 1. The meson spin-singlet operators used in the simulations of Ref. [7] in terms

of the heavy quark two-component field # , antiquark field $ , covariant derivative DDD, and
chromomagnetic field BBB. Note that p = 0,1,2, and 3 were used to produce four distinct
operators in the 0−+ and 1−− sectors. In the third column are listed the spin-triplet states

which can be formed from the operators in the last column; the states in each row are

degenerate for the NRQCD action used here.

JPC Degeneracies Operator

0−+ S wave 1−− $† (DDD2)p #

1+− P wave 0++,1++,2++ $† DDD #

1−− H1 hybrid 0−+,1−+,2−+ $† BBB(DDD2)p #

1++ H2 hybrid 0+−,1+−,2+− $† BBB×DDD #

0++ H3 hybrid 1+− $† BBB·DDD #

possible mixings between different adiabatic surfaces. The level splittings (in terms of

the hadronic scale r0 and with respect to the 1S state) of the conventional 2S and 1P

states and four hybrid states were compared (see Fig. 5) and found to agree within 10%,

strongly supporting the validity of the leading Born-Oppenheimer picture. The operators

used to create the mesons in the simulations are described in Table 1.
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Lattice calculations:

M(1−+) = M(1−−) (leading order in 1/mc)

Heavy (ccg and bbg) 1−+ states

0 0.5 1 1.5 2
M- M

S
  GeV

M -  M
S
 mass splitting

(M
S
 is spin averaged mass)

Bottom

Charm

UKQCD

CP-PACS

Juge et al.

MILC

MILC

CP-PACS

1
-+

1
-+

Light 1
-+

Y(3940)

Y(4260)

Lattice approach to threshold states – p.25/41

McNeile review 
ICHEP 2006

Two direct calculations:  Y(4260):

Chiu and Hsieh [hep-lat/0512029]

Luo and Liu [hep-lat/0512044]

consistent with D*Dp0 molecule:  4238(31)(57) 
not hybrid ~4500

consistent with hybrid:  4379(149) 
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NRQCD and HQS allow detailed predictions for the 
scaling behavior in heavy quark mass.   

• Xc(3872) -> Xb(10604) 
New state present for threshold effect, molecular and
other four quark explanations.
Isospin violation likely small
Decay modes modified: B* -> B γ,  nearest                    
state below threshold,  etc.

• Yc(4260) -> Yb -- Mass depends on interpretation
Hybrid - Scaling of SE with effective potential fixed
Threshold state - shifts with threshold values.

• Observable at hadron colliders ? 
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Analog States  Above Bottom Threshold

3P1(bb̄)



• Narrow heavy-heavy states: 

• The         and         charmonium states likely found.

• All three remaining low-lying L=2 charmonium 
states are narrow:

• A proper calculation for the masses and decay rates 
of these states must include the large effects from 
nearby (real/virtual) open charm decay channels.

• Detailed predictions for masses, mixings and decays 
using the CCCM give sensible results and can be 
used to guide the identification of other missing 
charmonium states.

23P2 31S0

13D2, 1
1D2, 1

3D3

SUMMARY
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• QCD in all its richness: 
The two states: X(3872) and Y(4260) do not fit 
gracefully in any simple charmonium interpretation.

• If X(3872) is a molecular state:
Possible analogy states in        system

Possible analogy states near other S-wave thresholds.  

• If Y(4260) is a hybrid state:
 0-+, 1-+ and 2-+ nearby states. 
Need lattice calculations.

• Need improved theoretical tools to study QCD at 
threshold.

bb̄
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W. Bardeen,  C. Hill,  E.E.  [Phys. Rev. D68, 054024 (2003) ]

10

TABLE I: The heavy-light spectrum compared to experiment. We report the difference between the excited state masses and
the ground state (D or B) in each case. We have assumed that ∆M(mc) = ∆M(mb) = ∆M(∞) = 349 MeV.

charmed meson masses [MeV] bottom meson masses [MeV]
model experiment model experiment

D∗0
− D0 142 [a] 142.12 ± 0.07 B∗0

− B0 46 [a] 45.78 ± 0.35
D∗+

− D+ 141 [a] 140.64 ± 0.10 B∗+
− B+ 46 [a] 45.78 ± 0.35

D∗+
s − D+

s 144 [a] 143.8 ± 0.41 B∗+
s − B+

s 47 [a] 47.0 ± 2.6
D0(0+) − D0 349 B0(0+) − B0 349
D+(0+)−D+ 349 B+(0+)−B+ 349
D+

s (0+)−D+
s 349 [a] 349 ± 1.3 [b] B+

s (0+)−B+
s 349

D0(1+) − D0(0+) 142 B0(1+) − B0(0+) 46
D+(1+)−D+(0+) 141 B+(1+)−B+(0+) 46
D+

s (1+)−D+
s (0+) 144 B+

s (1+)−B+
s (0+) 47

[a] Experimental input to model parameters fit. [b] BaBar result [1].

TABLE II: The predicted hadronic and electromagnetic transistion rates for narrow jP
l = 1/2−(1S) and jP

l = 1/2+(1P ) heavy-
light states. “Overlap” is the reduced matrix element overlap integral; “dependence” refers to the sensitive model parameters, as
defined in the text. We take GA = 1 and extract gA from a fit to the D+∗ total width. Note that the cs transitions are sensitive
to rcs; if we implement the observed ratio of branching fractions (Ds(1−) → Ds(0−)π0)/Γ(Ds(1−) → Ds(0−)γ) = 0.062±0.026
then the E1 radiative transitions for the cs system should be reduced by a factor of ∼ 3

system transition Q(keV) overlap dependence Γ (keV) exptl BR

(cu) 1−
→ 0− + γ 137 0.991 rcu 33.5 (38.1 ± 2.9)%

1−
→ 0− + π0 137 gA 43.6 (61.9 ± 2.9)%
total 77.1

(cd) 1−
→ 0− + γ 136 0.991 rcd 1.63 (1.6 ± 0.4)%

1−
→ 0− + π0 38 gA 30.1 (30.7 ± 0.5)%

1−
→ 0− + π+ 39 gA 65.1 (67.7 ± 0.5)%
total 96.8 96 ± 22

(cs) 1−
→ 0− + γ 138 0.992 rcs 0.43 (94.2 ± 2.5)%

1−
→ 0− + π0 48 gAδηπ0 0.0079 (5.8 ± 2.5)%
total 0.44

(cs) 0+
→ 1− + γ 212 2.794 rcs 1.74

0+
→ 0− + π0 297 GAδηπ0 21.5
total 23.2

(cs) 1+
→ 0+ + γ 138 0.992 r′cs 2.74

1+
→ 0+ + π0 48 gAδηπ0 0.0079

1+
→ 1− + γ 323 2.638 rcs 4.66

1+
→ 0− + γ 442 2.437 rcs 5.08

1+
→ 1− + π0 298 GAδηπ0 21.5

1+
→ 0− + 2π 221 gAδσ1σ3

4.2
total 38.2

(bu) 1−
→ 0− + γ 46 0.998 rbu 0.78
total 0.78

(bd) 1−
→ 0− + γ 46 0.998 rbd 0.24
total 0.24

(bs) 1−
→ 0− + γ 47 0.998 rbs 0.15
total 0.15

(bs) 0+
→ 1− + γ 293 2.536 rbs 58.3

0+
→ 0− + π0 297 GAδηπ0 21.5
total 79.8

(bs) 1+
→ 0+ + γ 47 0.998 r′

bs
0.061

1+
→ 1− + γ 335 2.483 rbs 56.9

1+
→ 0− + γ 381 2.423 rbs 39.1

1+
→ 1− + π0 298 GAδηπ0 21.5

1+
→ 0− + 2π 125 gAδσ1σ3

0.12
total 117.7

Heavy-Light Predictions
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TABLE I: The heavy-light spectrum compared to experiment. We report the difference between the excited state masses and
the ground state (D or B) in each case. We have assumed that ∆M(mc) = ∆M(mb) = ∆M(∞) = 349 MeV.

charmed meson masses [MeV] bottom meson masses [MeV]
model experiment model experiment

D∗0
− D0 142 [a] 142.12 ± 0.07 B∗0

− B0 46 [a] 45.78 ± 0.35
D∗+

− D+ 141 [a] 140.64 ± 0.10 B∗+
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[a] Experimental input to model parameters fit. [b] BaBar result [1].

TABLE II: The predicted hadronic and electromagnetic transistion rates for narrow jP
l = 1/2−(1S) and jP

l = 1/2+(1P ) heavy-
light states. “Overlap” is the reduced matrix element overlap integral; “dependence” refers to the sensitive model parameters, as
defined in the text. We take GA = 1 and extract gA from a fit to the D+∗ total width. Note that the cs transitions are sensitive
to rcs; if we implement the observed ratio of branching fractions (Ds(1−) → Ds(0−)π0)/Γ(Ds(1−) → Ds(0−)γ) = 0.062±0.026
then the E1 radiative transitions for the cs system should be reduced by a factor of ∼ 3

system transition Q(keV) overlap dependence Γ (keV) exptl BR

(cu) 1−
→ 0− + γ 137 0.991 rcu 33.5 (38.1 ± 2.9)%

1−
→ 0− + π0 137 gA 43.6 (61.9 ± 2.9)%
total 77.1

(cd) 1−
→ 0− + γ 136 0.991 rcd 1.63 (1.6 ± 0.4)%

1−
→ 0− + π0 38 gA 30.1 (30.7 ± 0.5)%

1−
→ 0− + π+ 39 gA 65.1 (67.7 ± 0.5)%
total 96.8 96 ± 22

(cs) 1−
→ 0− + γ 138 0.992 rcs 0.43 (94.2 ± 2.5)%

1−
→ 0− + π0 48 gAδηπ0 0.0079 (5.8 ± 2.5)%
total 0.44

(cs) 0+
→ 1− + γ 212 2.794 rcs 1.74

0+
→ 0− + π0 297 GAδηπ0 21.5
total 23.2

(cs) 1+
→ 0+ + γ 138 0.992 r′cs 2.74

1+
→ 0+ + π0 48 gAδηπ0 0.0079

1+
→ 1− + γ 323 2.638 rcs 4.66

1+
→ 0− + γ 442 2.437 rcs 5.08

1+
→ 1− + π0 298 GAδηπ0 21.5

1+
→ 0− + 2π 221 gAδσ1σ3

4.2
total 38.2

(bu) 1−
→ 0− + γ 46 0.998 rbu 0.78
total 0.78

(bd) 1−
→ 0− + γ 46 0.998 rbd 0.24
total 0.24

(bs) 1−
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total 0.15

(bs) 0+
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Flavor Physics and CP Violation Conference, Vancouver, 2006 5

Fortunately, definitive confirmation of the Y (4260)
just arrived in the form of a CLEO-c scan [21] of the
CM energy region

√
s = 3.77−4.26GeV. At the high-

est scan point,
√

s = 4.26GeV, where they collected
13.2 pb−1 of data, they observe an enhanced cross sec-
tion for e+e− → ππJ/ψ , for charged as well as for
neutral pions

σ(e+e− → π+π−J/ψ ) = (58 +12
−10 ± 4) nb ,

σ(e+e− → π0π0J/ψ ) = (23 +12
−8 ± 1) nb . (26)

Even though the two measurements are based on only
37 and 8 events, respectively, they are highly signifi-
cant, thanks to very low backgrounds. Note that the
charged-pion measurement compares very favorably
with the BABAR result in eq. 23. Since the C-parity
of the Y (4260) is negative, the QNs of the ππ system
are IG(JPC) = 0+(0++, 2++). Thus, π+π− and π0π0

are expected to occur with a (isospin) ratio of 2:1,
in agreement with the CLEO measurement in eq. 26.
CLEO observes no sign of an enhanced ππJ/ψ decay
of the ψ(4040), which is considered to be the ψ(3S)
state; this makes the assignment of the Y (4260) as
the ψ(4S) state less likely. At this conference, CLEO
also showed (preliminary) results from a search for
ISR-produced Y (4260) → π+π−J/ψ using 13.3 fb−1

of CLEO-III data collected on or near the Υ(4S) res-
onance. They observe a clear Y (4260) signal of 12
events with very little background.

BABAR has searched for the Y (4260) in other ISR-
produced final states, i.e., π+π−φ, pp̄, and DD̄, but
observes no signal in any of those. Fig. 3 shows the
π+π−K+K− invariant mass spectrum from 232 fb−1

of data; no significant structure other than the J/ψ
(and maybe a hint of the ψ(2S)) is observed, resulting
in the (preliminary) upper limit

ΓY
ee × B(Y (4260) → π+π−φ)

< 0.4 eV @ 90% C.L. (27)

The same dataset has been used to investigate the
pp̄ final state [20]:

B(Y (4260) → pp̄)

B(Y (4260) → π+π−J/ψ )
< 0.13 @ 90% C.L. (28)

Finally, using 289 fb−1 of data, BABAR has mea-
sured ISR production of DD̄. Fig. 4 shows the DD̄
invariant mass spectrum, which shows a significant
ψ(3770) signal; it also exhibits several structures pre-
viously observed in e+e− R-scans which are candi-
dates for JPC = 1−− cc̄ states, for example ψ(4040),
ψ(4160), and ψ(4415). The one place, however, where
no structure is apparent in the BABAR spectrum is at a
DD̄ mass of 4260MeV/c2. The corresponding (prelim-
inary) upper limit is, unfortunately, not very stringent
due to the very low efficiency for reconstructing two
D mesons

B(Y (4260) → DD̄)

B(Y (4260) → π+π−J/ψ )
< 7.6 @ 95% C.L. (29)

Figure 3: π+π−K+K− invariant mass spectrum; φ
sidebands are shaded. The inset shows the K+K−

invariant mass, with φ signal and sideband regions
indicated by the vertical lines.

Figure 4: DD̄ invariant mass spectrum; D sidebands are
shaded yellow.

In summary, the existence of the Y (4260) is now
well established, as are its JPC = 1−− QNs. How-
ever, its nature remains a complete mystery: there
is no room for it in the spectrum of 1−− charmonium
states, and the only final state it has been observed in,
ππJ/ψ , is a rather unexpected one for a conventional
cc̄ state of this mass. Exciting unconventional expla-
nations for the Y (4260) have been suggested, e.g., as
a cc̄g hybrid state, that will be examined as the data
samples increase.

3. Charmed-strange Mesons

The D∗
sJ (2317) and DsJ(2460) were first observed

by BABAR [22] and CLEO [23] in cc̄ continuum events,
and by Belle [24] in B decay, using data samples of
91 fb−1, 13.5 fb−1, and 124M BB̄ events, respectively.
The masses of both states are unexpectedly low: be-
low DK and D∗K threshold, respectively. As a conse-
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In summary, the existence of the Y (4260) is now
well established, as are its JPC = 1−− QNs. How-
ever, its nature remains a complete mystery: there
is no room for it in the spectrum of 1−− charmonium
states, and the only final state it has been observed in,
ππJ/ψ , is a rather unexpected one for a conventional
cc̄ state of this mass. Exciting unconventional expla-
nations for the Y (4260) have been suggested, e.g., as
a cc̄g hybrid state, that will be examined as the data
samples increase.

3. Charmed-strange Mesons

The D∗
sJ (2317) and DsJ(2460) were first observed

by BABAR [22] and CLEO [23] in cc̄ continuum events,
and by Belle [24] in B decay, using data samples of
91 fb−1, 13.5 fb−1, and 124M BB̄ events, respectively.
The masses of both states are unexpectedly low: be-
low DK and D∗K threshold, respectively. As a conse-
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FIG. 1: Wide range J/ψπ+π− mass spectrum after optimising the selection cuts.
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FIG. 2: J/ψπ+π− mass spectrum with fit of the X(3872) signal.

Look for other 1D states and DDbar threshold
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